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Since its invention Bis-GMA or one of its analogs has been the main component

of the polymer portion of composites for dental restorations. The need for dilution of

Bis-GMA and its analogs to optimize its properties has long been recognized. Bis-GMA

is a highly viscous monomer. This high viscosity leads to early vitrification, which limits

conversion during cure. This viscosity also limits filler loading. Vitrification at low

conversions leads to heterogeneous systems composed of low and high cross-link density

phases. The low cross-link density phases behave as defects in the system; therefore, if

the amount of low cross-link density phases in the system can be reduced and a more

uniform network structure can be achieved, then the mechanical properties of the resin

can be improved. Since the increase in viscosity during cure causes vitrification, it is

logical that a system with a low initial viscosity will delay the onset of vitrification.

Reactive diluents such as triethylene glycol dimethacrylate (TEGDMA) are effective at
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lower levels. However, large amounts negatively affect matrix properties by increasing

polymerization shrinkage and water sorption. Shrinkage has been cited as one of the

main deficiencies in dental composites. The goal of this project is to improve upon

standard viscosity modifying comonomers such as triethylene glycol dimethacrylate. The

comonomers that were explored were phenyloxyethyl methacrylate, cyclohexyl

methacrylate, and tert-butylcylcohexyl methacrylate. Multicomponent systems based on

analogs of ethylene glycol dimethacrylates with different length ethyl glycol chains were

also examined. The substitution of monomethacrylates for TEGDMA as a comonomer

resulted in enhanced or negligible affects on the mechanical properties of Bis-MEPP

based polymer systems while reducing polymerization shrinkage.

I29Xenon NMR and TappingMode™ AFM were used to characterize the

heterogeneity of dimethacrylates systems during their cure cycle as well as in their final

state. Using these methods the size of the high and low cross-link density phase was

examined and determined to be on the order of 50-150 nanometers.

Model compounds based on phenylethyl methacrylate were formulated to

determine how of nadic methyl anhydride and maleic anhydride incorporate into

dimethacrylate resin systems.
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CHAPTER 1

INTRODUCTION

Since the discovery of the toxicity of mercury vapor, even in small amounts, there

has been a large push in the dental industry for alternatives to dental amalgam materials.

This need led to the introduction of polymer-based composites as restorative dental

materials. Most polymer-based composites are composed of dimethacrylate polymers and

inorganic fillers. Polymer-based composites have many redeeming qualities such as ease

of use, high aesthetic appeal, and, of course, a less toxic alternative to mercury-based

amalgams. Polymer-based composites are not without their drawbacks. The shrinkage

that occurs upon polymerization is still cited as one of the major reasons for the failure of

dental composites in the oral environment. This shrinkage results in stresses that cause

defects with the composite matrix and debonding from the tooth restoration interface,

resulting in poor marginal adaptation, marginal leakage, and subsequent recurrent decay.

Most modern restorative materials are visible light-cured composites based on high molar

mass monomers such as 2,2'-bis(4-(2-hydroxy-3-methacryloyloxyprop-l-oxy)

phenyl)propane (Bis-GMA), in reference to its precursor materials bis-phenol A and

glycidyl methacrylate, 2,2-bis-(4-methacryloylethoxyphenyl) propane (Bis-MEPP),

sometimes referred to as ethoxylated Bis-GMA, and urethane dimethacrylates. The need

for dilution ofBis-GMA and its analogs to optimize its properties has long been

recognized. Bis-GMA is a highly viscous monomer (2980 Pa«s [1]), which leads to early

vitrification, limited conversion during cure, and limited filler loading. Vitrification is

defined as the point where the glass transition temperature of the reacting system reaches

1



the reaction temperature. Polymerization becomes diffusion limited at the vitrification

point. Vitrification at low conversions leads to heterogeneous systems composed of low

molar mass phases and highly cross-linked phases. The lower molar mass or low cross-

link density phases behave as defects in the system. The mechanical properties of the

polymer can be improved, if the volume fraction of the low molar mass or the low cross-

link density material of the system can be reduced. IF the increase in viscosity during

cure causes vitrification, it is logical that a system with a low initial viscosity will delay

the onset of vitrification. This hypothesis is supported by the relationship between initial

viscosity and degree of conversion[2-4]. Reactive diluents such as triethylene glycol

dimethacrylate (TEGDMA) are effective at lower levels, but large amounts negatively

affect matrix properties by increasing polymerization shrinkage and water sorption. The

polymerization shrinkage of poly (TEGDMA) is 1 1.9 % and it water uptake is 6.0 weight

percent. The polymerization shrinkage and water uptake of poly (Bis-GMA) are 6.4 %

and 3.05 weight percent, respectively[5]. Excessive polymerization shrinkage results in

tensile stresses in matrix materials adjacent to the glass filler. These stresses lower

mechanical properties, i.e., modulus, stress at break. However, the lower viscosity

achieved with the addition of reactive diluents also allows higher glass loadings, which

improves mechanical properties and reduces the shrinkage in the overall system.

From this point in this work the term "light-cured" will be used to refer to light-

initiated polymerization of the vinyl bonds. In light-cured systems the polymerization is

initiated by radicals that are formed upon exposure to light and subsequently react with

the vinyl bonds. The first light-cured systems were based on compounds that were

activated in the UV region. More modern systems use compounds that are activated in



the blue region. The actual polymerization process is similar to a chemically initiated

polymerization except for one very important aspect, i.e, light-cured systems do not

require mixing, which is very significant clinically.

To date the three primary approaches for reducing polymerization shrinkage have

been ring opening polymerizations, swellable clays, and monomers with higher specific

volumes. All of these methods have their drawbacks [6-8].

Many dimethacrylates form heterogeneous structures that are characterized by

areas of highly cross-linked polymer, which surround or contain areas of low cross-link

density. This is a result of the evolution of structure during cure. Kinetic gelation

modeling indicates that this heterogeneity has its roots early in the polymerization

process and manifests itself in the form of isolated branched molecules with large

numbers of pendant double bonds [9]. Modeling based on percolation theory also

predicts the formation of these molecules [10]. These molecules, sometimes referred to

as microgels, have been isolated and detected with dynamic light scattering [11].

Polymerization continues preferentially within and around these microgels. These

molecules ultimately grow together resulting in the trapping of radicals and unreacted

material. As a polymer network forms, the onset of vitrification limits monomer

diffusion, the mobility of pendant groups, and the degree of conversion. The pendant

groups and monomers act as defects. These structures along with the limited amount of

active chains in the network restrict the mechanical and physical properties of these

materials.

The goal of this work is to examine viscosity modifying comonomer systems

based on monomethacrylates, or multicomponent analogs of ethylene glycol



dimethacrylate that will reduce the polymerization shrinkage and improve or negligibly

affect mechanical properties of Bis-MEPP based polymers when compared to the

standard comonomer TEGDMA. The specific aims of this work are as follows: Aim 1:

To test the hypothesis that monofunctional methacrylates with a cyclic or aromatic

pendent group can reduce polymerization shrinkage while improving or negligibly

affecting mechanical properties. Aim 2: To test the hypothesis that heterogeneity can be

reduced in polymers designed with the same glass transition temperature by having a

lower viscosity monomer system. Aim 3: To test the hypothesis that multicomponent

diluent systems based on analogs of triethylene glycol dimethacrylate with a range of

molar masses can lower viscosity more effectively than triethylene glycol dimethacrylate.

The multicomponent system will maintain the same weight average molar mass as

triethylene glycol dimethacrylate. Aim 4: To test the hypothesis that norbornene

monomers that react to form high glass transition temperature polymers can be

incorporated into dental polymers. Aim 5: To test the hypothesis that
l29
xenon NMR

and TappingMode™ Atomic Force Microscopy with phase mapping can be used to

characterize the size and distribution of heterogeneity in dimethacrylate polymers and

how it changes with conversion.



CHAPTER 2

BACKGROUND

History of Dental Restorative Materials

The direct placement of filling material is a common dental procedure. Polymer-

ceramic composite restorations are a favorite with patients for aesthetic reasons as well as

ease of handling [12]. The shortcomings of the original polymer-based restorations have

driven the evolution of dental materials to their current state.

The first polymer-based fillings were acrylates [13]. They were used from about

1945 until 1960, but were discarded because of their inadequate mechanical properties,

large dimensional changes with temperature, large volumetric shrinkage during curing,

and low stain resistance.

In 1962 Bowen developed the first Bis-GMA- based composite system (Figure

2.1). His work resulted in a molecule with the strong mechanical properties and low

shrinkage of epoxies. The molecule also maintained the fast reaction capability of

methacrylates [14]. Much of the research since then has evolved around modifications to

this basic structure. Polymerization in these systems was initiated by a benzoyl

peroxide/tertiary amine combination. Unfortunately, this initiator system's effectiveness

was inhibited by the presence of water. Light-cured systems solved this problem as well

as allowing dentists to work with materials that have not already begun to cure [12]. In

addition, the chance of incorporating air into the composite system by mixing is

eliminated. This reduces the number of voids in the restoration [15]. In general, light-



cured systems cure faster than chemically cured systems [16]. The physical and

mechanical properties of light-cured systems are better than self-cured [16]. The control

of setting time and color matching are easier compared to self-cured composites [17].

The ultraviolet light systems used initially were discarded for visible-light systems.

Visible light has better depth of cure than UV as well as the ability to penetrate a layer of

enamel, which UV light does not [16].

Components of Dental Composites

Dental composites consist of three essential components: a cross-linked polymeric

matrix, a high volume fraction of particulate silicate reinforcing phase, and a bonding

agent to promote matrix-filler adhesion [5].

Matrix materials are usually based on a combination of dimethacrylates, one

acting as the base material such as a urethane dimethacrylate, Bis-GMA, or its

ethoxylated version and another acting as reactive diluent to increase the extent cure as

well as lower viscosity so higher glass loadings can be achieved. The viscosity of matrix

portion of commercial composites is typically 1000 to 2000 centipoise (cP) [18]. Taylor

et al. have evaluated the role of the particle reinforcement volume fraction for an

extensive range of Bis-GMA-type polymer matrices [18]. It was determined that lower

viscosity matrices can accept more filler while maintaining workability. Maximum filler

loading is dependent on the properties of the filler to a larger extent than matrix viscosity.

An average 4.6 weight percent additional reinforcement could be used in 1000 cp

solutions compared with 2000 cp solutions. The plasticity of the different matrices

formulated to the same viscosity and then loaded with the same amount of filler varied

depending on the chemical structure. The differences were more pronounced at lower



filler loadings were plasticity varied as much as lOOpercent. The authors refrain from

hypothesizing about this phenomenon; one could speculate that the interaction between

different chemical functionalities of the matrix materials and the filler may be one

possible factor. Reactive diluents such as triethylene glycol dimethacrylate (TEGDMA)

are effective at lower levels, but large amounts negatively affect matrix properties by

increasing polymerization shrinkage and water absorption [19]. The polymerization

shrinkage of poly (TEGDMA) is 1 1.9 percent and it water uptake is 6.0 weight percent.

The polymerization shrinkage and water uptake of poly (Bis-GMA) are 6.4 percent and

3.05 weight percent, respectively[5].

Filler particles act as the reinforcing phase of the composite as well as reducing

the overall shrinkage of the system upon polymerization. As long as bonding between

the filler and the matrix and the quantity of the matrix is sufficient to fill the spaces

between the filler particles, increased filler content tends to improve mechanical

properties [5]. Filler particles are usually based on silicates such as zirconium glass,

yiterbium trifluouride, quartz and bariumborosilicate. The filler materials have been

developed for stability in the oral environment, aesthetics, and radiopacity. The average

diameter of the filler particles in traditional composites is about 8 to 30jam, while modern

composites' average particle size is in the range of 0.7 to 3.6um [20]. Colloidal silica as

small as 0.04p.m has also been used as filler. Due to the silica's large surface area, i.e.,

300 to 600 m /g, small filler particles increase the viscosity of the composite system they

are added to, which limits the total volume fraction that can be added [21]. Willems et al.

showed that the amount of filler in commercial materials ranged from 48.2 to 58.

1

volume percent [22].
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The mechanical strength of the composite is significantly enhanced by the use of

a coupling agent applied to the filler. A coupling agent must chemically bond to the

reinforcement phase and it must promote wetting by the matrix. However, the long term

stability of the composite is strongly dependent upon hydrolytic stability of the interfacial

bonds between the reinforcement phase, coupling agent, and matrix polymer [14]. A

coupling agent should also be capable of forming covalent bonds with both the matrix

and the filler. A typical coupling agent is v-methacryloyloxypropyltrimethoxysilane

(MPS). The silane end is capable of bonding with the filler particle and the methacrylate

end is capable of forming bonds with the network polymer.

Areas for Improvement

Current composite filling materials have also been used for the restoration of

posterior teeth, but they have not been as successful in this application as for the anterior

teeth [5]. The main areas for improvement in composite restorations are the following:

( 1 ) polymerization shrinkage, which results in poor marginal adaptation, internal stresses

and stress on the tooth; (2) water sorption, which has undesirable effects on dimensional

and mechanical properties as well as on fillers and filler matrix bonding; (3) thermal

conductivity and mismatch ofCTE with tooth; (4) mechanical properties such as flexure

and tensile strength as well as modulus; (5) abrasion resistance; (6) adhesion of matrix to

filler particle as well as matrix to tooth structure and filler to teeth; and (7) radiopacity of

filler material [5, 21, 23].

Network Structure

It seems that dimethacrylate networks are not uniformly cross-linked. Instead they

resemble the porridge microstructure first attributed by Houwink to Bakelite [5]. More



scientifically stated, dimethacrylates are a heterogeneous structure that is characterized

by areas of highly cross-linked polymer, which surround or contain areas of low cross-

link density. This is a result of the evolution of structure during cure. Kinetic gelation

and 2-D percolation modeling indicates that this heterogeneity has its roots early in the

polymerization process and manifests in the form of isolated branched molecules with

large numbers of pendant double bonds [9, 10]. Polymerization continues preferentially

within and around these molecules. These molecules ultimately grow together to form

the network structure. As a polymer network forms, the onset of vitrification limits

monomer diffusion, the mobility of pendant groups, and the degree of conversion. The

vitrification results in areas of low cross-link density that act as defects. These structures

along with the limited amount of active chains in the network restrict the mechanical and

physical properties of these materials.

The heterogeneity of dimethacrylate polymers has been demonstrated

experimentally using such techniques as dielectric spectroscopy [24, 25], dynamic

mechanical spectroscopy [26-28], extraction and swelling experiments [29-31],

photochromic [32], charge-recombination luminescence [33], paramagnetic probes [34],

CP/MAS NMR 13C spectroscopy [9, 35] and electron microscopy [36]. There is still a

need for further characterization of the heterogeneity in dimethacrylates, especially the

size and distribution of the low and high cross-link density regions.

Chiu and Lee have isolated prepolymer molecules in ethylene glycol

dimethacrylate systems [11]. The molecules isolated early in the polymerization had a

bimodal molar mass distribution (0.4% conversion), i.e., 12 to 18 nm and 35 to 51 nm,

which was measured by dynamic small angle light scattering (SALS). The number of
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small particles was 3.55 greater than the larger particles, whose structure is comprised of

clusters of the small particles. Further along in the polymerization the ratio of small

particles to the larger particles decreased to 2.12, while the average particle size of both

only increased slightly. At gelation (14.2% conversion), the particle size increased

considerably. The sizes ranged from 17 to 25 nm and 71 to 173 nm for the small and

large particles, respectively. The isolated particles had vinyl bond conversions ranging

from 60-70 percent as by FTIR spectroscopy indicating that microgel particles are

formed.

Lange et al. [33] have extended the work on micro-gelled particles using charge-

recombination luminescence to identify vitrification. Samples cured above the polymer's

Tg dropped to a baseline value of 2,000 counts during cure and never increased. Samples

cured at temperatures below the polymer's Tg showed charge-recombination intensities

(20,000 counts) indicating vitrification from the onset of cure and never dropped to the

baseline values seen in the sample cured above its Tg. An epoxy recombination

luminescence spectrum was provided for the comparison of condensation polymers with

chain growth polymers. The initial portion of an epoxy spectrum mirrored the behavior

of the dimethacrylate sample cured above its Tg. The intensities increased as vitrification

point of epoxy was reached. This study provides evidence for the argument that

vitrification is micro-scale as well as a macro-scale phenomena.

One of the problems in examining visible light-cured (VLC) systems is that

radicals are trapped in the microstructure. Techniques that add energy to these systems

and enhance mobility allow further reactions that can alter the network structure and

skew results. Kannurapatti et al. [27] have used "living radical" polymerization based on
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iniferters to avoid this problem. The iniferter polymerization proceeds while the system

is exposed to light. When the light is shut off the reaction ceases, and the structure is

frozen in either by vitrification or gelation. Dielectric measurements made on poly (Bis-

GMA/TEGDMA) and poly (EGDMA) [25, 37] reacted with the iniferter system indicate

an environment with a larger distribution of mobilities. High frequency relaxations

present are attributed to pools of monomers. Similar relaxations were reported in earlier

work with triethylene dimethacrylate/methyl acrylate polymers [24].

Similar work concerning the nature of networks formed by dimethacrylates

performed by Simon, et al. [9] elucidated the structures of dimethacrylate polymers by

cross-polarized proton-enhanced magic angle spinning
13
carbon nuclear magnetic

resonance (CPPEMAS 13C NMR) in conjunction with normal
13C NMR. The CPPEMAS

technique observes unsaturated groups where isotropic motion is constrained, i.e.,

unreacted chain ends attached to the network structure. The
13C NMR technique

observes unconstrained motions, i.e., pools of unreacted monomer. Various results were

obtained depending on the length and flexibility of the ethylene glycol chain. Systems

based on tertrakis(ethylene glycol) dimethacrylate reacted to form a network composed

of only 2 percent pendant double bonds while those based on ethylene glycol

dimethacrylate were composed of 18 percent pendant double bonds and unconstrained

monomer. The EGDMA systems showed evidence of pools of unreacted monomer.

Kinetic gelation models were also used to help interpret the results. In simulations of

ethylene glycol dimethacrylate polymerizations, gelation models predicted the formation

of small highly branched molecules early in the cure cycle. The model also predicted the

growth and eventual coalescence of these molecules resulting in regions of trapped
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monomer. The number of particles was shown to increase from the initiation until

approximately 5 percent conversion. After 5 percent conversion, the number of particles

decreases corresponding with an increase in the average size of the particles. This

indicates that coalescence of these particles is the dominant mechanism of polymerization

after 5 percent conversion.

The presence of "Globular Formations" was identified using transmission electron

microscopy in phenol-formaldehyde resins [36]. The globular formations appeared as

light and dark regions in the micrograph. The size of dark phases, regions of higher

density, was determined to be 400 to 600 A. Epoxy, silicone, diallyl phthalate, and

phenol-formaldehyde samples were also examined by creating replicates of their fracture

surfaces. The surfaces were examined with scanning electron microscopy. All of the

samples had globular formations that were on the order of 400 to 900 A. The globular

structures were rare in the silcone resins when compared to the epoxy, diallyl phthalate,

and phenol-formaldehyde resins. The identification of the globular phase from the

replicates of the fracture surfaces should be taken with caution. It is possible the globular

phases, which appear as bumps in the micrographs, may be artifacts of the fracture

process.

Bis-GMA Analogs and Modifications

Bis-GMA has frequently been modified using the hydroxyl group located on the

side chain of the molecule. Holter et al. have undertaken a systematic approach to

modifying Bis-GMA by esterification of the hydroxyl groups with varying molar mass

aliphatic and aromatic acids [1]. Viscosity and volumetric shrinkage were shown to

decrease with increasing aliphatic chain length. Unfortunately, modulus was also shown
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to decrease. The aromatic acids were compared with and without an oxy-spacer group.

The mechanical properties were enhanced by the presence of the oxy-spacer, but the

viscosity increased. Other studies have shown similar trends in viscosity and cure

shrinkage by modifying the hydroxyl group of Bis-GMA with dimethylsiloxy and

dimethylisopropylsiloxy side groups [38]. No mechanical properties were reported for

these systems. It should be noted when hydroxyl groups are replaced, the system

viscosities drop one to two orders of magnitude.

Several works have been published in which the interior propane group of Bis-

GMA has been replaced by various chemical species [39, 40]. The central propane group

was replaced with a group containing fluorine and phosphorus atoms with benzene rings.

Viscosity increased with the stiffness of the central groups. Water uptake decreased in

fluorine-containing polymers and increased in phosphorus containing polymers.

Stansbury et al. have extended the work in semi fluorinated monomers by

synthesizing a wide variety of fluorinated monomers based on Bis-GMA analogs as well

as a series of urethane-linked multifunctional fluorinated oligomers [40]. The presence

of fluorine reduced water uptake. The oligomer-based systems have a dry breaking

strength equal to the Bis-GMA baseline and a comparatively low water uptake. It is

interesting to note that the highly fluorinated monomers and oligomers had poor wetting

characteristics of silanated glass filler. The phenomenon is attributed to the relatively

low hydrophilicity of the matrix materials. The issues of possible reaction kinetics

differences were not addressed.

Shoba et al. have synthesized a series of novel dimethacrylates based on

diphenols with one or two cyclic groups as the central structure (Figure 2.2) [4]. The
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monomers were designed with a variation of straight and flexed structures. All of the

monomers have the same side chains, which contained methacrylate groups with propoxy

spacers. The flexed molecules have lower viscosities than the straight molecules. The

bicyclic monomers have higher viscosities than single-ringed structures. This is due to

the bicyclic rings making the molecule a stiffer straighter structure.

In separate papers Sandner et al. and Kawaguchi et al. have reported on high

molar mass analogs ofBis-GMA [38, 41]. Both papers reported a reduction in shrinkage

for the higher molar mass polymers. Mechanical properties were variable depending on

the number of hydroxyl groups in the structure and segmental mobility. Table 2.2

contains the mechanical properties of various aromatic dimethacrylate polymers.

Chowdhury et al. showed that binary mixtures of urethane-based monomers with

three and four methacryl groups have improved compressive and diametral tensile

properties and increased modulus as measured by micro-indentation compared to a 60/40

weight percent Bis-GMA/TEGDMA system. Lower amounts of residual monomer were

also reported [42].

Mitra has also explored multifunctional methacrylate monomers [43].

Triisocyanato-isocyanurates were used as starting materials in a synthesis that resulted in

trifunctional ethylenically unsaturated carbamoyl isocyanurates. Increases in both

compressive and diametral tensile properties were reported for composites based on these

molecules.

Oligomers have been created based on poly (isopropylidenediphenol) (BPA)[44].

Ethoxylation and methacrylation of the BPA oligomer form these so-called

multimethacrylates. The multimethacrylates are compatible with TEGDMA. A system
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Figure 2.2: Dimethacrylates synthesized from various diphenols
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composed purely of multimethacrylates had a polymerization shrinkage of 9.2 percent

compared to 10.6 for a Bis-GMA system. The compressive strengths are higher (477.6

MPa ) in the multi-methacrylate systems than the Bis-GMA/ TEGDMA systems (375.6

MPa ) while the diametral tensile strengths are lower (32.8 MPa) compared to Bis-

GMA/TEGDMA systems (26.4 MPa). No data was presented on the viscosity of these

monomers.

Monomethacrylates

Some of the earliest work with diluents examined a series of mono, di, and tri functional

methacrylate monomers with a range of molar masses. The diluent monomers were

incorporated into Bis-GMA-based composites cured with benzoyl peroxide/N, N-

dimethyl-p-toluidine [45]. Similar mechanical properties were obtained with mono, di,

and trifunctional monomers. Mechanical properties were more affected by the molar

mass of the monomers than their functionality. Tensile and compressive strength

decreased with the increasing length of the linear pendant group on the methacrylates.

Although methyl methacrylate/Bis-GMA systems showed excellent mechanical

properties, methyl methacrylate 's low molar mass caused excess shrinkage upon

polymerization. Estimates or measurement of the glass transition in these polymers

might provide more insight into the results seen in this work.

Later work with heterocyclic methacrylates demonstrated that high molar mass

monofuctional methacrylates could be incorporated with positive effects on mechanical

properties [46-48]. Tetrahydrofurfuryl methacrylate (THFMA)/Bis-GMA mixtures in

the volume percent ratio of 5/95, heat cured at 80°C, were reported to have modulus as

high as 4.8 GPa derived from flexure testing [46]. Bis-GMA tested in the same manner
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was reported to have a modulus of 3.6 GPa. The authors attribute the increase to the

smaller diluent molecules occupying free volume spaces within the main polymer

network, thus enhancing the molecular interactions in the polymer. The addition of

larger amounts ofTHFMA resulted in lower modulus and flexure strength values varying

from approximately 80 to 100 MPa. Unfortunately, the statistical significance of these

mechanical properties tests was not presented. Other work on the same systems showed

that THFMA did not have significant effects (Newman-Keuls test at a = 0.01) on the

mechanical properties of Bis-GMA-based polymers when added in portions up to 30

weight percent [47]. The difference is attributed to varying properties of the Bis-GMA

monomer due to different isomer compositions. The standard deviation of the strength

values was approximately 20 percent and none of the values from the different

compositions were significantly different at an a=0.01. These results suggest the need

for better testing methods to evaluate the mechanical properties of these materials.

Fracture toughness measurements would also provide more insight about the strength of

these materials with less noise due to sample preparation. The monomers

tetrahydrofurfuryl methacrylate (THFMA), hydroxypropyl methacrylate (HPMA), and

isobornyl methacrylate (IBMA) were compared to ethylene glycol dimethacrylate

(EGDMA) and triethylene glycol dimethacrylate (TEGDMA) as alternate diluents in heat

cured (70°C) Bis-GMA-based polymers. All the monomers reduced polymerization

shrinkage and increased mechanical properties in the dry state. Equivalent properties

were maintained in the wet state when compared to Bis-MEPP/TEGDMA polymers.

HPMA and THFMA were effective viscosity modifiers while IBMA was not. Flexure

strength was not reported in this study. It is interesting to note that homopolymers of
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IBMA are extremely brittle (10 MPa average flexure strength and 0.71 percent strain to

failure) compared to those ofTHFMA, which had an average flexure strength of 94 MPa

and a 6.88 percent strain to failure [49]. Flexure strength values and glass transition

temperatures of the cured systems would provide insight into the effects of these

monomers on network structure and formation. The mechanical properties and glass

transition temperatures of the homopolymers formed from the diluent monomers are also

valuable information when interpreting the effects of these monomers. The

understanding of the effects of these molecules on Bis-GMA type polymers is in its

infancy and further analysis is needed. The incorporation of alternate mefhacrylate

monomers with higher molar mass and variable glass transition temperatures into light-

cured systems would add to the understanding of these effects.

Polymerization Shrinkage

Methacrylates exhibit a volume reduction, from 12 to 22 percent [50, 51] or 22.5

ml/mol [52], during polymerization which is associated with two phenomena: (1) the

change in intermolecular distances of 3 to 4 angstroms to primary covalent bonds lengths

that are 1.5 angstroms [6]; and (2) the increased packing density ofpolymer chains

compared to the packing density ofmonomer molecules [1]. Many restoration failures

are associated with this volume contraction. The problems that result are stresses that are

large enough to cause defects within the matrix and debonding at the restoration/tooth

interface, which undermines the performance of the restoration [7]. The problem of

shrinkage has been addressed in many ways. The addition of inorganic reinforcement

phase is commonly used to lower the overall shrinkage in composites by reducing the

volume fraction organic materials present [23]. Many different sizes of filler as well as
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mixtures of several different sizes, referred to as hybrids, have been used to maximize the

amount of filler incorporation.

Liu et al. have developed an ammonia-modified/hydrated mineral

montmorillonite (NH3/MMT) filler [6]. The exotherm of cure vaporizes the ammonia,

which swells the filler and offsets polymerization shrinkage. This system results in zero

shrinkage with small additions of filler (4 weight percent). However, NH3/MMT

requires large volumes of polymerizing material to create a sufficient exotherm to drive

the expansion reaction (60-80°C), which is more than a sufficient amount of heat to

damage tissue. The mechanical properties were not affected drastically due to the small

volume fraction of the filler. An SEM examination in the same study revealed no

porosity. However, the electron beam degraded the sample rapidly, which makes these

results suspect. It was claimed that reduction in volumetric shrinkage was due to the gas

that evolved during the reaction and was trapped in the filler particles. There is no study

available that addresses the issue of long-term gas release and its effect on the porosity of

the polymer. However, one might suspect that the diffusion of the gas from the network

could enhance diffusion into the pores by fluids. This presence of the fluid would reduce

the integrity of the composite.

Another common approach has been to increase the specific molar mass of the

monomers used in the system. Several groups have used this approach with urethane

dimethacrylates [41, 42]. The same approach has been used in the synthesis of higher

molar mass analogs of Bis-GMA [38, 41]. Culbertson et al. has formulated higher molar

mass multi methacrylates based on an oligomer chain of bis-phenol A molecules [44].

Bowen has also developed a molecule based on beta-cyclodextrin [53]. Shobha et al.
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created Bis-GMA analogs with bent structures as well as varying degrees of stiffness [4].

The stiffer, straighter structures had the least shrinkage.

In an attempt to control the density of chain packing, several studies have

modified the structure ofBis-GMA through the hydroxyl groups [1, 54]. Kalachandra

replaced the hydroxyl groups with trimethyl and isopropylsiloxyl groups [54]. The bulky

isopropyl group reduced shrinkage to a greater extent. No mechanical testing was done.

In a more systematic and in-depth study, Holter esterified the hydroxyl groups with a

series of aliphatic and aromatic acids [1]. Polymerization shrinkage and modulus trends

are shown in Table 2. 1 . The aromatic acid-modified Bis-GMA molecule had comparable

reductions in shrinkage, but less reduction in modulus. This was especially true where a

flexible oxy-spacer group is used. This work indicates that shrinkage may be reduced

without drastic losses in mechanical properties using structure-property relationships.

Liquid crystal molecules have also been studied in an attempt to minimize

polymerization shrinkage [55]. The ordered nematic structure is denser than a typical

monomer solution and the order-to-disorder transition that occurs during curing results in

a less dense system. The nematic state also results in lower viscosities; therefore, higher

molar mass monomers can be used further increasing the system's potential for offsetting

shrinkage. The use of acrylates brings up concerns of toxicity, but future work is planned

with methacrylates.

High molar mass analogs ofBis-GMA monomers can only reduce polymerization

shrinkage. A monomer that expands upon polymerization is necessary to have a system

that expands or has no volume change on polymerization. Stansbury and Byerley et al.

were the first to attempt to develop spiro orthocarbonates (SOC) for incorporation into
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dental monomers to offset polymerization shrinkage [7, 56]. Spiro orthocarbonates offset

shrinkage by a double ring-opening free-radical polymerization mechanism. The first

SOCs developed were crystalline and not compatible with monomer systems. Stansbury

and Byerley et al. have attempted to rectify these problems in their early work. Byerley

et al. has developed a series of stereoisomeric alicyclic spiro orthocarbonates, which

expand between 3.9 and 3.5 percent upon polymerization. Low molar mass polymers

were produced by a light-initiated cationic polymerization of the experimental

monomers. All of these monomers, none of which were tested in dental monomers, are

crystalline at room temperature, which would most likely decrease their solubility in

dental monomer systems. Stansbury has taken the concept of SOCs and synthesized

monomers with unsaturated functional groups that should allow the incorporation of the

monomers with free radical-type systems. The systems were cured using photo,

chemical, and dual cure mechanisms. Diametral tensile strength (DTS) values of

Table 2. 1 : Volumetric shrinkage values and modulus values for Bis-GMA molecules

esterified with various-length aliphatic acids. The number next to C represents the

number of carbon atoms in the aliphatic chain

Compound Volumetric Modulus

shrinkage (MPa)

(%)

Source: Holter et al. [1]

Bis-GMA 4.3 2100
Bis-GMA-C2 4.7 1500

Bis-GMA-C6 5.0 220
Bis-GMA-Cll 3.9 -

Bis-GMA-C18 2.6 -



22

44.4 ±2.1,45.1 ± 4.6, and 50.4 ± 2.8 (MPa) were reported for 100 percent Bis-MEPP,

65/35 weight percent mixture of Bis-MEPP and 1,6 hexanediol dimethacrylate, and 68/32

weight percent mixture of Bis-MEPP and SOC monomers. This result may be

misleading because the SOC molecules may be acting as a plasticizer. Some

compositions were not stable and underwent polymerization during storage while others

did not polymerize fully [7, 56]. There was also a lower offset of polymerization

shrinkage than expected, which is attributed to an alternate ring opening polymerization

system. Reaction kinetics and volume control under non ideal curing conditions are also

limiting factors in these systems.

SOC molecules were incorporated into epoxy resins in later work based on the

initial work of Byerley et al. [57, 58]. The use of polyols was explored to catalyze the

*

polymerization. The systems were initiated with onium salt initiators and 2-

chlorothioxanthen-9-one (CTX). The addition of SOCs to the composition caused an

increase in cure times over the baseline epoxy resins. The fastest cure time reported for a

mixture that contained a SOC was 48 minutes. The introduction of polyols reduced the

cure times; however, no studies were presented with both polyols and SOCs present. It is

possible that the polyols will open the SOC prematurely.

The advent of low toxicity onium light cure initiators has generated renewed

interest in epoxy resins for dental applications. Tilbrook et al. have addressed the

problems of water uptake in epoxy-polyol mixtures by varying the ratio of epoxy groups

to polyol groups. The samples were cured using a camphorquinone/4-octyloxy-phenyl-

phenyl iodonium hexafluoroantimonate system. The camphorquinone results in a system

that is sensitive in the blue light regime commonly used in dental composites. The
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polymerization shrinkage for epoxy systems formulated ranged from 3.8 to 5.4 percent.

The water uptake ranged from 5.2 to 7.7 weight percent. Unfortunately the resins with

the lowest amounts of shrinkage also had the greatest amount of water uptake. Baseline

Bis-GMA/TEGDMA systems had less water uptake and higher shrinkage upon

polymerization. The epoxy formulations showed higher biaxial flexure strengths than

Bis-GMA/TEGDMA systems and modulus values were also higher for some

formulations. All samples were tested in the dry state. The uptake of water will affect

the properties of materials. Comparisons of these materials in the wet state should be

made before further recommendation is made for implementation of the materials in

composite restorations. The heat rise in the epoxy samples during cure might also be an

issue. It was also noted that some samples had curing times in excess of 60 seconds.

This time would not be acceptable to clinicians. An interpenetrating network of

methacrylates and epoxies might take advantage of the favorable properties of both

systems.

Mosner et al. have synthesized three series of radical ring opening monomers

[59]. The synthesized molecules include SOC molecules with substituted unsaturated

groups, as well as bicyclic 2-methylene-l,3,-dioxepane (BMDOE) derivatives, and 1,1-

bis-substituted 2 vinylcyclopropanes. IR data showed that the SOC molecules

polymerized through the unsaturated group. The ring opening mechanism was not

utilized and no offset of shrinkage was seen. The BMDOE molecules synthesized were a

mixture of liquid and crystalline monomers. Spectroscopic data indicated that ring

opening takes place during polymerization. The crystalline molecules expanded upon

polymerization. Some of the volume gain was attributed to the transition from the denser
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crystalline state to the amorphous state during polymerization. Dental applications of

these molecules are limited by their sensitivity to moisture and acid compounds. The

BMDOE molecules react to form aliphatic polyesters that have low glass transition

temperatures (27 to 37°C). The vinylcyclopropanes synthesized were able to form cross-

linked networks when polymerized in bulk. Depending on the initial morphology,

volume change during polymerization varied. The molecules that formed amorphous

liquids shrank 3.9 and 7.0 percent, while the crystalline molecules expanded 1.0 percent.

Miyazaki et al. have synthesized methacrylates and acrylates that have SOC

groups [60]. Heat curing resulted in a minimum shrinkage of 7.8 percent compared to 9.8

percent for Bis-GMA. Studies still need to be performed with a more suitable initiator

system. The heat cure was performed at 120°C, which delays the onset of vitrification

and allows higher amounts of conversion. Light initiation systems are used at room

temperature. At these lower temperatures vitrification will limit the mobility of

molecules and hence the conversion that can be obtained. The mechanical properties of a

light-cured system will be significantly different than those of a heat-cured system.

Bowen has synthesized a methacrylated [3-cylcoldextrin [53]. It is hoped that by

housing monomer in the hydrophobic cavities of these molecules, polymerization

shrinkage will be offset. If the monomer contained in the cavity diffuses out during

polymerization and becomes an external chain segment, then the additional free volume

created might help offset shrinkage. The issues ofhow the molecules will be placed into

the cavity and controlling their diffusion properties have yet to be addressed.

Many approaches have been taken to minimize or offset the shrinkage that occurs

upon polymerization. As yet, a non-shrinking system has not been introduced that meets
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all the requirements for use in the mouth. Reduction of polymerization shrinkage has

been obtained with molecules that have a larger molar mass than Bis-GMA. Ultimately

these systems will offset polymerization shrinkage modestly and viscosity will become a

limiting factor for large molar mass molecules. Liquid crystalline molecules show

promise, but the toxicity of the current molecules and their ability to form a LC phase at

lower temperatures are still issues. Ring open molecules must be employed to have zero

shrinkage or an expanding system. Unfortunately, these molecules are hampered by slow

reaction kinetics, moisture sensitivity, and crystallinity.

Anhydrides in Dental Materials

Numerous studies have evaluated the use of anhydrides as comonomers for both

structural and adhesive purposes in dental materials [8, 61-66]; however, none have

attempted to capture the ring opening as a mechanism for offsetting or reducing

polymerization shrinkage. The anhydride functionality may also allow tailoring of

mechanical properties through ionic interaction as well as a viable means to increase

bonding to bone tissue.

A series of anhydrides were added as cross-linking agents to polymer composites

based on UDMA, HEMA Bis-GMA, and TEGDMA [8]. It was hypothesized that

monomers such as maleic anhydride introduced into dental materials containing hydroxy

or amide groups would act as cross-linking agents. A cyclic anhydride can react with

either of these functionalities and form an ester or amide linkage upon additional heating.

This leaves the hydroxy group at the end of the carboxylic acid to react with a second

amide or hydroxy functional group and form a di-ester or di-amide linkage. The best
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results were found with anhydrides that contained unsaturated groups. It was suggested

that the double bond makes it possible for these anhydrides to copolymerize with the

other monomers. This seems counterintuitive, as polymerization with the network would

lower the mobility of these species and the average functionality of these systems. The

anhydride incorporation might also lower the cross-link density of these systems. In the

case of maleic anhydride, for example, polymerization of the double bond may reduce the

ring strain and hence the reactivity of the anhydride group [67]. Polymers based on

UDMA and HEMA had more desirable properties. This is attributed to the greater

reactivity of the amide groups with the anhydrides, hence a greater degree of cross-

linking. A 20 percent increase in mechanical properties was reported for the combination

of maleic anhydride and methacrylamide. There appears to be a synergistic effect

between these two monomers. The authors provide no explanation for the observed

effect. The results obtained in this work are interesting and suggest that the use of

anhydrides as cross-linking agents may have some validity. Later studies done on

selected anhydride containing systems from the initial work examined the relationship

between wear and the quantity of remaining double bonds [63]. The effect of post cure

heating on mechanical properties was also evaluated [62]. In vitro wear decreased with

increased conversion of double bonds with the exception of the samples post cured at

37°C and 75°C. There was no difference in the quantity of remaining double bonds

between these two samples; however, the wear rate was lower in the sample cured at

75°C. It was suggested that this is the result of cross-links formed by anhydride

molecules. Clearly no spectroscopic evidence is provided about whether or not this is the

mechanism responsible for the reduction in wear.



27

The ability of anhydrides to be incorporated into dental polymers was

demonstrated with the model compound 2-phenylethyl methacrylate and propoxylated

Bis-GMA/TEGDMA [68]. The ability of anhydrides to offset polymerization shrinkage

was confirmed by post polymerization volume expansions observed after swelling in

water as high as 2.0 percent. The hydrolysis was confirmed by a residual weight gain in

dehydrated samples and FTIR observations.

One of the most important dental applications for functionalized monomers is

their use as dentin adhesives [65]. Anhydrides are of interest in dentin bonding systems

and bone cements because of their reported complexation with calcium cations. The

addition of 4-methacryloyloxyethyl trimellitate anhydride (4-META) to standard MMA

bone cements has been shown to increase adhesion to bone and hydroxyapatite [65, 66].

Increased bond strengths to dentin and enamel have been shown when 4-META and

pyromellitic dimethacrylate (PMDM) were applied as coupling agents prior to bonding

with composite polymers [61, 69]. Bond strength from 10.2 to 18.2 MPa were reported

when PMDM and 4-META were used in conjunction with ferric oxalate solutions and

N(p-tolyl)glycine glycidyl methacrylate (NTG-GMA) or N-phenylglycine glycidyl

methacrylate (NPG-GMA) surface active monomers. The bond strengths reported for the

composites used with the ferric oxalate ranged from 0.48 to 1 .72 MPa. Shear bond

strengths of composite to human dentine of 29.7 ± 1 1.8 MPa have been reported when

the sodium salt ofNTG-GMA was used as a bonding agent[70]. Maleic anhydride

dissolved into standard dental monomers has also been studied as an adhesion promoter

for Cr-Co alloys [64]. Unfortunately, initial improvements in the energy of adherence
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were lost after storage in water for two months, most likely as a consequence of water

adsorption.

Water Absorption

Water in dental materials induces swelling, leaches extractable material out of

both the polymer and the filler, plasticizes polymers causing them to lose their

mechanical properties, and degrades the bond between fillers and coupling agents. There

are many variables that govern the uptake of water, and no one has been able to sort them

all out yet. Hydrophilicity is related to the uptake of water. The hydrophilicity of a

material seems to be based on how similar the polymer structure is to water. Polar

materials are more hydrophilic. Kalachandra et al. have found a linear correlation

between water uptake and weight percent oxygen (WPO)[71]. WPO is a more concrete

way of defining hydrophilicity in polymers. Interestingly, the trend breaks down when

there is a branch in the monomer that sterically hinders the polar sites from the water.

Bis-GMA-type monomers also showed less water uptake than expected based on WPO.

It was hypothesized that the reduction in water uptake is due to the formation of an

intramolecular hydrogen bond between the carbonyl oxygen and the hydrogen of the

secondary hydroxyl group. The intramolecular bond reduces water uptake by blocking

the hydrophilic groups and acting as an additional cross-link.

The amount of free volume in the sample also has an effect on the amount of

water taken up and hence the amount of swelling. Soderholm et al. have shown that

polymers do not swell in a 1 to 1 ratio with the volume of water absorbed [72]. The lag

in the swelling of the polymer was attributed to microcavities that accumulate water. The

structure of the network formed clearly has an effect on water uptake. It has been shown
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that there is a relationship between water uptake and degree of cross-linking [73]. As the

dimethacrylate feed was increased into a PMMA polymer, so did the uptake of water.

Although the cross-link density of the materials increased with dimethacrylate feed the

number of pendant groups, trapped unreacted material, and regions of lower cross-link

density also increase. This may account for the increase in water uptake. Simon et al.

have proposed that solvent uptake occurs preferentially in regions of lower cross-link

density [30]. In contrast to this theory, the water uptake of ethylene glycol methacrylate

monomer is about 2percent less than its polymer. It might be possible that interaction

between the various chemical groups prevents their interaction with water thus, lowering

water uptake in the monomer systems. In the polymeric state mobility restrictions might

prevent these interactions, therefore chemical groups might be more accessible to water

molecules. As discussed earlier such an interaction was attributed to the lower than

expected water uptake ofBis-GMA polymers. The physical phenomena underlying these

results are difficult to ascertain.

Mechanical Properties

Adequate mechanical properties are necessary for a restoration to function

properly. For example, a restoration with low modulus will readily deform elastically

under stress. This deformation could result in failure of the tooth around the composite

as well as increased leakage [21]. The restoration itself might also fail if it has low

modulus or fracture strength. An understanding of the mechanisms that govern

mechanical properties of filled and unfilled systems both wet and dry is important so

improvements can be made in a systematic fashion rather than randomly.
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Kawaguchi et al. have done extensive work relating the basic structure of

dimethacrylates to their mechanical properties [41]. Nine aromatic dimethacrylates

(Figures 2.3-2.5) were studied and their wet and dry mechanical properties were

discussed. All of the monomers were mixed 50/50 by weight percent with triethylene

glycol dimethacrylate (TEGDMA). Table 2.2 summarizes the results from the

mechanical properties tests. Water sorption data is also included.

Table 2.2: Mechanical properties and water sorption of various unfilled dimethacrylate

polymers wet and dry

Monomer Flexure Elastic Amount of

Composition Strength* Modulus* Water

(MPa) (GPa) (p.g/mm
3

)

Bis-GMA/ Dry 149.1+7.3 3.5310.05 58.910.03

TEGDMA Wet 99.714.6 2.1510.06

Bis-GMA-F/ Dry 156.7±6.6 3.7410.09 55.410.04

TEGDMA Wet 119.6±6.6 2.8710.07

Bis-GMA-C/ Dry 101.112.6 2.5110.05 62.310.02

TEGDMA Wet 80.312.4 1.2210.04

Bis-GMA-Eph/ Dry 101.713.2 2.6410.10 35.410.10

TEGDMA Wet 61.411.3 1.5010.05

Bis-GMA-Ech/ Dry 113.413.2 2.8510.11 40.210.04

TEGDMA Wet 70.215.1 1.8310.08

Bis-MEPP/ Dry 170.317.3 2.9610.06 20.510.04

TEGDMA Wet 123.816.1 2.8910.07

Bis-MEEPP/ Dry 96.612.4 2.1910.06 22.510.05

TEGDMA Wet 93.811.5 1.3110.02

BisMPPP/ Dry 113.114.3 2.4810.04 16.810.10

TEGDMA Wet 107.613.4 2.3310.04

BisME2 .6PP/ Dry 120.714.6 2.7210.05 18.210.02
TEGDMA Wet 115.712.4 2.57 10.08

*Measured by three-point bend testing on a universa testing machine
Source: Kawaguchi et al. [41]
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One of the most obvious trends in this data is the loss of wet mechanical

properties in the polymers with hydroxyl groups. The polymers without hydroxyl groups

retain mechanical properties after soaking in water. This phenomenon is associated with

plasticization by water and is supported by the correlation seen between water uptake and

decrease in strength. Bis-GMA-EPh and -ECh are high molar mass analogs of Bis-GMA.

Their mechanical properties are lower than those of Bis-GMA. The lower values of the

mechanical properties are attributed to higher segmental mobility. It should also be noted

that these two compounds are more hydrophobic than Bis-GMA, which resulted in less

strength loss under wet conditions. The more hydrophobic nature of the molecules is due

to the smaller amount of polar groups per molar mass. This also lowers modulus values.

The fluorine-containing Bis-GMA polymers had excellent properties in both wet and dry

states. Fluorine groups make the monomer more hydrophobic, which is seen in the lower

uptake of water. The Bis-GMA-C monomer absorbed significantly more water than the -

EPh and -ECh versions, yet maintained a similar amount of strength. More information

is needed about the network structure of these monomers to hypothesize about these

results. The non hydroxyl containing monomers all have good retention of strength when

tested under wet conditions. Again, the mechanical properties can be related to

segmental mobility, in this case, of the aliphatic side chains. The monomers with longer,

more flexible side chains have lower mechanical properties. The addition of stiffer

molecules does not always improve mechanical properties. TEGDMA, a more flexible

and less viscous molecule than Bis-GMA, is added to all of the compositions discussed in

this paper. The addition ofTEGDMA allows further reaction of the system before the

onset of vitrification.
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Ferracane has shown that if enough TEGDMA is not present that the consumption

of double bonds by polymerization or degree of conversion (DC) can be limited (Table

2.3). The stiffer, more viscous Bis-GMA molecules limit the network formation [3]

129Xenon Nuclear Magnetic Resonance Spectroscopy

Xenon Nuclear Magnetic Resonance spectroscopy (NMR) has become an increasingly

popular technique for sampling a wide variety of materials because of the sensitivity of

xenon's chemical shift to its environment. Xenon, referred to as xenon from here

forward, environmental sensitivity is due to its polarizable electron cloud. Xenon's

relatively small size and chemical inertness also make it attractive as a probe molecule.

Table 2.3: Degree of conversion values for Bis-GMA/TEGDMA polymers systems

obtained by Ferracane

Monomer (wt.%) Catalyst (wt.%) DC (%)

75/25 0.25 DMPT + 0.75 BPO 60.1±1.9

+ 0.01 BHT
75/25 0.3 1 DMPT + 0.75 BPO 60.5±2.0

+ 0.01 BHT
75/25 0.20 camphoroquinone + 60.1+2.7

0.75 DMAEM + 0.01

BHT
50/50 0.25 DMPT + 0.75 BPO 69.4+1 .3

+ 0.01 BHT
50/50 0.20 camphoroquinone + 71.5±0.9

0.75 DMAEM + 0.01

BHT
Note: BPO - benzoyl peroxide, DMPT = N, N-dimethyl-p-toluidine, DMAPE - 4-N,N,-

dimethylaminophenethyl alcohol, BHT = butylated hydroxytoluene (inhibitor), DMAEM
= N,N-dimethylaminoethyl metharcrylate. The coefficient of variance for the modulus
values is 7 percent. Source: Ferracane [3]
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The nature of the chemical shift of xenon molecules has been assessed and the major

portion of the shift is due to Van der Waals dispersion and repulsive interactions [74].

Initially xenon was used to examine the porous structure of solid materials such as

zeolites, clathrates, and hydrates. The first applications of xenon NMR to polymers

examined properties of the amorphous portions of bulk polymers. Sefcik was the first to

report a xenon NMR signal in PVC. A broad signal, which is typical of polymers above

their glass transition, was observed [75]. Stengle and Williamson later examined poly

(ethylene) and poly (ethyl methacrylate) and elucidated that the xenon chemical shift is

sensitive to the density of its solvent system, different amorphous environments with the

same polymer, and glass transitions [76]. The sensitivity of xenon to the density of its

solvent system was demonstrated using a series of N-alkanes. The chemical shift of

xenon varied linearly with increasing molar mass of the alkanes. The shift ranged from

160 ppm for hexane to 200 ppm for LDPE. The increase in molar mass correlated with

an increase in density. The densities in the systems ranged from 0.65 to 0.87 g/cm
3

. The

glass transition of poly (ethyl methacrylate) correlated to changes in line width and the

chemical shift of the xenon NMR signal. A single peak was observed for LDPE while

LLDPE showed a partially resolved doublet. The second peak indicates the presence of

two different sub regions within the amorphous phase. Solubility within the crystalline

phases of both polymers was assumed to be negligible. This is reasonable when the later

work of Kentgens et al. showed that the signal to noise ratio decreased as the amount of

crystallinity increased [77].

Kennedy identified 4 phases in EPMD rubber with xenon NMR[78]. The

different peaks are associated with regions of different void space. Upon cross-linking
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the peak that was furthest upfield, associated with the regions with the most void space,

disappeared. The magnitude of the other peaks changed dramatically. This work

illustrates the ability of xenon NMR to monitor changes in structure.

The line width of the xenon NMR signals is related to the distribution of

absorption sites within a polymer and the frequency at which the xenon samples or

exchanges between these sites. The three types of exchange are fast, slow, and

intermediate [79]. The fast exchange occurs when the exchange rate of the xenon is rapid

compared to the NMR time scale. Intermediate exchange occurs when the exchange time

is on the order of the NMR time scale. Slow exchange is observed when the rate of

exchange is slow compared to the NMR time scale. The NMR time scale is the time in

which the NMR signal is collected. The length of sampling time is often dictated by the

T2, spin-spin, relaxation times. Two-dimensional NMR can be used to confirm which

type of exchange is taking place. Kentgen et al. performed such experiments with poly

(ethylene) and poly (carbonate). The 2D poly (carbonate) spectra is round and almost

2000 Hz wide. The round shape indicates that the xenon NMR is sampling the different

absorption sites in a slow exchange regime. Slow exchange is probably the case for most

polymers below their glass transition temperature. Polymers such as poly (ethylene) have

narrow line-widths on the order of 100 Hz. The narrow width is indicative of fast

exchange. The chemical shifts of the different sites average and a narrow peak results.

Kentgens et al. [77] tested poly (ethylene) at a range of temperatures and showed a

dramatic increase in line width as the temperature of the P-relaxation temperature was

approached. This supports the theory that narrow peaks in polymers above their glass

transition are due to signal averaging. The mobility of polymer chains above their glass
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transition is great. This allows for rapid xenon movement and thus fast exchange. Below

their glass transition temperature the motion of polymer chains is curtailed, the diffusion

of xenon gas is slowed and no averaging takes place, thus a broad peak is observed.

Xenon NMR has also seen limited use a means to study free volume in polymers.

Chu et al. [80] have studied the relaxation of free volume in polymers below their glass

transition temperature. The chemical shift of xenon continued to shift for several weeks

after the polymer had been cooled below its Tg, indicating the free volume of the

polymer continued to change. Morgan et al. have studied free volume distributions in

dendritic and cross-linked polymer systems derived from poly (oxypropylene) diols and

2,4-toluene diisocyanate [81]. The xenon chemical shift increased linearly with

increasing cross-link density. In variable temperature experiments signal intensity

decreased as the cross-linked systems were cooled through their Tg. The decrease in free

volume associated with the polymer's glass transition lowers the amount of absorbed

xenon. The chemical shift of xenon was examined in dendritic structures in various

generations. The chemical shift of xenon decreased linearly when compared to the

number of chain ends normalized by the average molar mass of a chain. It is suggested

that there is a relationship between generation number of the dendrimer and free volume.

It is also noted that free volume measured is an average for each macromolecule and that

there may be distribution of free volume within the molecule.

Xenon's most useful application may be as a tool determining miscibility in

polymer blends and measuring the size of morphological features in polymers and

polymer blends. It has been estimated that Xenon NMR techniques should be able to

measure domain sizes from 0.1 to 25 micrometers [79]. Generally, if multiple phases are
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present then multiple peaks will be observed in the NMR spectrum. This is due to the

sensitivity of xenon to its chemical environment as discussed earlier. In the case of small

domain sizes, a single peak can be observed due to rapid exchange between the domains.

This problem can be addressed by using variable temperature experiments because the

diffusion rate of xenon is temperature dependent [79].

Xenon has been used as a probe molecule in many polymer blends [82-89].

Browstein et al. were the first to study polymer blends using xenon NMR Two signals

were observed in poly (styrene) poly (isoprene) blends [89]. The peaks were assigned

based on linewidths. It was noted that the resonances were broader than in the pure

materials. The broadening was attributed to the exhange of xenon between the two

phases.

Walton et al. demonstrated that xenon NMR can be used as a tool to determine

phase segregation in blends of poly (chloroprene) PC, poly (isoprene) PIP, and

epoxidized poly (isoprene)[84]. Blends of PC/PIP, 50 percent epoxidized poly

(isoprene)/PIP and 25 percent epoxidized poly (isoprene)/PIP, all known to be

immiscible, showed two distinct peaks in the xenon NMR spectrum. The location of the

peaks matched those of the pure polymers. A single resonance is observed in PC/50

percent epoxidized poly (isoprene) and PC/25 percent poly (isoprene) blends. A single

resonance does not unequivocally indicate a miscible blend. It is possible for xenon to

exchange rapidly between small domains. This would result in a signal that is an average

of the signals from the two domains. Knowledge of the diffusion coefficients of xenon in

these polymers yields an upper boundary on the domain size in which rapid exchange

could take place. The possibility of miscibility was further examined by modeling the
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signal based on rule of mixtures calculations. It was assumed that a miscible blend has a

different signal than a signal from a blend that is the result of an average from the two

separate phases. A signal that does not match these predictions is indicative of miscible

polymer. The possibility of a chance match in the signal of the miscible blend and an

average signal was ruled out using variable temperature experiments. This application

demonstrates the usefulness of xenon NMR for determining phase segregation in

polymers with similar glass transition temperatures. The miscibility of these blends

could not be determined using DSC because of the similarity of their glass transition

temperatures.

Walton et al. have used xenon NMR to study phase transitions in poly (isoprene

and poly (butadiene) blends[88]. Phase segregation was detected beyond the limits of

DSC. Sizes of the phases were estimated using the intermediate exchange assumptions

and the xenon self-diffusion coefficient in poly (isoprene).

Mirabella and McFaddin examined a poly (propylene) ethylene-propylene rubber

blend using xenon NMR[85]. A correlation was shown between peak location and

domain size as measured by SEM. Calibration in this manner might allow domain size

measurement in other blends of these polymers. The viable range of measurement with

this technique is limited by xenon's rate of diffusion in these polymers because slow

exchange must be maintained.

Tomaselli et al. have demonstrated the ability of two-dimensional NMR

techniques to probe heterogeneous blends using fabricated lamellar structures. Two

model systems were manufactured poly (styrene) or poly (vinyl chloride) and poly (vinyl

methyl ether). The lamellar size for the PS-PMVE systems was 4 to 7 ^im and 2 to 6 um
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for the PVC-PVME systems. Two-dimensional experiments were performed with

various mixing times allowing the xenon molecules various amounts of time to move

through the structures. The extent that xenon sampled the different environments was

determined by examination of the cross-peaks. The ratio of the diagonal peaks to the

cross-peaks was used to calculate an exchange rate constant. By assuming a lamellar

size, a diffusion coefficient for the blend was determined using the exchange rate

constant. There is a large amount of error due to the lamellar size assumption. It is also

assumed that the rate of diffusion was similar for both polymers.

Schantz and Veeman used two-dimensional spectroscopy to examine

heterogeneity in PEO/PMMA blends [87]. A two-dimensional spectrum demonstrated

that the xenon sampled all the environments in a mixing time of 1 ms. Furthermore, two-

dimensional experiments were forgone in favor of one-dimensional spectra in which

exchange-average models were used to interpret data. The authors chose this approach

because of the long times required for two-dimensional experiments and because the

xenon was probing the system in the fast exchange regime. The models were based on

the spectral parameters from the pure polymers. The exchange rate parameter was then

adjusted so that the model spectra matched the experimental. Domain sizes were then

estimated based on the exchange rate and an approximate diffusion coefficient. The

uncertainty in the fitted values results in values ranging from 30 to 60 nm. This work

demonstrates the ability of xenon NMR to measure domain sizes on the order of 50 nm.

The need for accurate diffusion coefficients to determination of domain sizes in polymers

is elucidated.
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Xenon diffusion coefficients in polymers have been determined in several ways.

Simpson et al. have measured xenon's self diffusion coefficient in poly (styrene) using

microspheres of different and well controlled sizes. The rate of diffusion of the gas out

of the spheres was then related to free induction decay of the signal of the absorbed

xenon. The difference of length of the free induction in the xenon from the different size

spheres is plotted. The result allows calculation of diffusion coefficients. This technique

is dependent upon the ability to fabricate microspheres and that the absorbed xenon has a

relatively narrow peak. Tomaselli et al. measured the average diffusion coefficients for

two polymers in a similar way by manufacturing artificial lamellar structure and using

two-dimension exchange experiments as mentioned earlier. Browstein et al. made also

calculation of the diffusion coefficient in poly (styrene)/poly (isoprene) blends using

calculated domain sizes and spectral line-widths [89]. It was also shown that the line

width of the xenon NMR signal was related to the diffusion of the xenon from one phase

to another. The effect of the interphase between the blocks was not considered.

Perhaps a more elegant technique of measuring the self-diffusion of xenon is the

pulsed field gradient technique. Stejskal and Tanner developed this technique in 1965

using proton NMR [90]. Junker and Veeman have applied it to xenon in polymers using

a stimulated echo sequence rather than a Hahn echo [86]. The stimulated echo sequence

aids in signal collection, which is difficult with xenon absorbed in polymers due to its

short T2, spin-spin, relaxation times. The diffusion coefficient of the elastomer ethylene-

propylene-diene was shown to be approximately 20 times greater than that of poly

(propylene). The pulsed diffusion technique is limited by the long times necessary to

collect signals. The lengths of experiments in this study were on the order of 70 hours.
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The long collection times are due to the short T2 times (3-8 ms), low signal to noise

ratios, and long Tl times.

Dynamic Mechanical Spectroscopy

Dynamic mechanical spectroscopy (DMS) is a widely used technique for

characterizing polymers but it has found limited applications in dental materials. Dental

restorations experience a wide variety of temperatures in their service life. The ability of

DMS to test properties at a variety of temperatures and provide information about

network structure is desirable.

Some of the earliest reported analyses by DMS was performed by a torsion

pendulum. The work evaluated the effect of different conditionings on various

commercial composites [91]. Samples stored at 37°C in water had lower modulus and

larger damping than samples stored at 37°C under dry conditions. Running the same

sample twice showed that additional cure resulted from analysis at elevated temperatures.

Ferracane and Greener used DMS to examine the effects of the ratio of Bis-GMA

to triethylene glycol dimethacrylate as well as the type of initiator system on

thermomechanical properties [3]. This work demonstrated that the storage modulus at 1

1

hertz was lower over the temperature range tested (25-150°C) in polymers with lower

degree of conversion; i.e., that modulus increases with increasing degree of conversion.

Samples with higher degrees of conversion had higher glass transition temperatures. This

work also indicated that some additional cure takes place during DMS testing at elevated

temperatures.

Wilson and Turner have also performed DMS on dental polymers [92]. Their

approach differs from that of other researchers in that Tg is reported at the significant loss



43

in storage modulus rather than where the tan 8 plot is maximized. Two methods of

polymerization were used: y-radiation and photopolymerization. Bis-GMA and

TEGDMA were the monomers used. The Tg values from the different interpretations

and cures (Table 2.4) show that elastic modulus estimates are lower than the tan 8

estimates. The photopolymerized samples are undercured as indicated by the Tg values.

The modulus loss is related to a (3-relaxation, which has been identified in other studies

on Bis-GMA [93] type polymers as well as lower molar mass ethylene glycol

dimethacrylates [28, 30]. The P-relaxation in dimethacrylates is insensitive to different

frequencies with the error of measurement [93]. The molecular origins of P-relaxations

in dimethacrylates are not well understood. A more in-depth discussion of this

phenomenon will be given later in this work. Other work has shown that the Tg of

similar materials range between 85°C and 130°C [3]. Similar samples that were cured at

80°C had glass transition temperatures that ranged from 151 to 195°C. The glass

transition values obtained from the y-radiation polymerized samples are extremely high

and may be indicative of the properties of a network cured to its physical maximum. It is

interesting to note that the glass transition of fully cured diethylene glycol methacrylate

has been estimated at 500°C [27]. This indicates that gamma radiation produces a more

uniformly cured matrix, but it is still not possible to link every pendent group into the

network structure in order to reach a theoretically fully cured structure.

Wilson has examined the thermomechanical transitions in TEGDMA monomers

cured with various dose levels (0.15-2.0 Mrad ) of y-radiation[94]. Four types of

transitions that were identified: 1) associated with monomer in low dose samples (-60°C);
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Table 2.4: Glass transition temperature estimates obtained by Wilson and Turner

Sample Type Tan Delta Elastic Modulus

Estimate Estimate*

£C£ (°C)

y-radiation cure of Bis-GMA

y-radiation cure ofTEGDMA
Photopolymerization of Bis-GMA(75%) /

TEGDMA(25%) in air

Photopolymerization of Bis-GMA(75%) /

TEGDMA(25%) in Nitrogen

Second run of photopolymerization in Nitrogen

*Values obtained with Autovibron in tensile mode at 1 1 Hz. and 2.5°C/min.

Source: Wilson and Turner [92]

2) associated with interactions between the oxyethylene groups (-10°C); 3) associated

with additional polymerization of partially vitrified material because it occurs slightly

above the curing temperature and a downturn in the length versus temperature curve is

observed; and 4) associated with the glass transition temperature. At high dose levels

transition 3, sometimes referred to as a P-relaxation, is no longer detectable. Others have

detected this transition with dielectric relaxation techniques [24, 25].

Summary

Many approaches have been taken to minimize or offset the shrinkage that occurs

upon polymerization. Currently, a non-shrinking system has not been introduced that

meets all the requirements for use in the mouth. Reduction of polymerization shrinkage

has been obtained with molecules that have a larger molar mass than Bis-GMA.

Ultimately these systems will only offset polymerization shrinkage and viscosity will

become a limiting factor for large molar mass molecules. Liquid crystalline molecules

show promise, but the toxicity of the current molecules and their ability to form a LC

phase at lower temperatures are still issues. In order to have zero shrinkage or an
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expanding system, ring open molecules must be employed. Unfortunately, these

molecules are hampered by slow reaction kinetics, moisture sensitivity, and crystallinity,

which limits solubility in base monomers. There is still a need for reduced shrinkage in

polymer composites for dental applications.

This work explored the use of viscosity modifying comonomers systems based on

monomethacrylates, or multicomponent analogs of ethylene glycol dimethacrylate that

reduced the polymerization shrinkage and improved or negligibly affected mechanical

properties of Bis-MEPP-based polymers when compared to the standard comonomer

TEGMDA. The monofunctional comonomers examined were cyclohexyl methacryalate

(CHMA), 2-phenyloxyethyl methacrylate (PEMA), and tert-butylcyclohexyl

methacrylate (t-BCHMA). The comonomers were selected because they have a range of

viscosity modifying properties and their corresponding polymers have a range of glass

transition temperatures. The relationship between initial viscosity and heterogeneity was

explored by formulating monomers systems that cure to the same glass transition

temperature but had different initial viscosities. The mechanical properties that were

tested were tensile strength, fracture toughness, and modulus. The network structure of

these polymers was evaluated using dynamic mechanical spectroscopy. These properties

were examined at a range of comonomer molar concentrations.

The heterogeneous network structure of dimethacrylates has been studied

extensively but many questions still remain. Much of the structure and organization

detail that occurs during cure still remains inaccessible to direct observation. The size

and distribution of the low and high cross-link density phases, heterogeneity, has still not

been determined. Knowledge of the size and distribution of the heterogeneity is
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important because it affects the structure and performance of cross-linked dimethacrylate

polymers. Knowledge of these structures and how they form will allow the tailoring of

monomer selection and cure cycles to improve properties. Xenon NMR and

TappingMode™ Atomic Force Microscopy (AFM) were used to determine the size and

distribution of heterogeneous structures in dimethacrylates. Fractured and microtomed

surfaces were examined at the scale of 500 to 1000 nm and regions of low and high

cross-link density were elucidated using the topographic and phase imaging capabilities

ofTappingMode™ AFM.

The efficiency of the incorporation of nadic methyl anhydride and maleic

anhydride in methacrylate polymers was explored using the model compound 2-

phenylethyl methacrylate. The polymers were examined with FTIR, DSC, and proton

NMR to quantify the incorporation.



CHAPTER 3

ALTERNATE DILUENT SYSTEMS FOR BIS-GMA AND BIG-GMA ANALOGS

Relevant Background

The need for dilution of Bis-GMA and its analogs to optimize their properties has

long been recognized. Bis-GMA, named for the starting products used to synthesize it

(bis-phenol A and glycidyl methacrylate), is a highly viscous monomer (2980 Pa.s or

29800 cp [1]). This high viscosity leads to early vitrification, which limits conversion

during cure. This viscosity also limits filler loading. Vitrification is defined as the

process in which the glass transition temperature of the reacting system reaches the

reaction temperature. Polymerization becomes diffusion limited at the vitrification point.

Vitrification at low conversions and other reaction mechanisms leads to heterogeneous

systems composed of low molar mass or low cross-link density phases and high molar

mass or highly cross-linked phases. It has been proposed that the low cross-link density

phases behave as defects [34]. Therefore, if the amount of low molar mass material of

the system can be reduced, the mechanical properties of the resin can be improved. Since

the increase in viscosity during cure causes vitrification, it is logical that a system with a

low initial viscosity will delay the onset of vitrification. This hypothesis is supported by

the relationship between initial viscosity and degree of conversion seen in the literature

[2-4]. Reactive diluents such as triethylene glycol dimethacrylate (TEGDMA) are

effective at lower levels, but large amounts negatively affect matrix properties by

increasing polymerization shrinkage and water sorption. Shrinkage results in poor

marginal adaptation of composite restorations, which can lead to reformation of the

47
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cavity. Polymerization shrinkage also results in tensile stresses in matrix materials

adjacent to the glass filler as well as intra-matrix stress. These stresses lower mechanical

properties. The monomers studied in this work have a higher molar mass per

methacrylate group than standard reactive diluents such as triethylene glycol

dimethacrylate (TEGDMA). It has been observed that methacrylates with larger molar

masses per methacrylate group have a lower theoretical shrinkage [51, 52]. Methacrylate

monomers with cyclic pendant groups also have the ability to reduce the viscosity of Bis-

GMA resins more effectively than TEGDMA [46-48]. This ability allows modifications

in two ways: 1) lower amounts of diluent can be used, which results in less shrinkage; 2)

resin mixtures with the same theoretical shrinkage that have a lower initial viscosity.

Resin mixtures can also be designed that are a compromise between these two scenarios.

If a material is failing through its weakest points then minimizing this structure should

increase the strength of the material. The weakest point of the materials discussed in this

work is the low cross-link density phase.

The monomers selected will also provide information about the P-relaxation that

is present in dimethacrylates. The onset of P-relaxations seen in dimethacrylates in this

work occurs at approximately 50°C. This relaxation is near oral temperature; therefore,

understanding the molecular structures that cause it is important. Some work indicates

that p-relaxations in dimethacrylate polymers are due to pendant methacrylates groups

[26, 93]. Other studies attribute the relaxation to the precursors of larger scale

cooperative motion of the glass transition and the beginnings of vitrification [95]. In

radiation-cured dimethacrylate networks the P-transition has been identified as an artifact

of cure temperature due to vitrification and trapped free radicals [94]. Although there is

a p-relaxation associated with the pendant groups in methacrylates, their incorporation
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may provide insight into the P-relaxation in dimethacrylates. The incorporation of

monofuctional monomers should reduce the amount of partially reacted dimethacrylates.

The magnitude of p-relaxation is affected by the size of the pendant group [96].

Substitution of methacrylates with smaller pendant groups for that of partially reacted

dimethacrylates (pendant) should provide information about the P-relaxation. It is also

interesting to note that the temperature of the P-relaxation in observed dimethacrylates is

not sensitive to frequency, while the P-relaxation in methacrylates is sensitive to

frequency. This suggests that the molecular mechanism of P-relaxations is different in

dimethacrylate and methacrylates.

The monomers selected for this study take advantage of concepts developed in

previous studies. Monofunctional methacrylates with cyclic structures in the pendant

group can reduce shrinkage while maintaining mechanical properties [47, 48]. In this

study monomers with higher molar masses than previous monomers and variable glass

transition temperatures will be studied. These monomers are also more hydrophobic than

previous monomer systems. These systems will be light-cured, while, samples in

previous studies were heat-cured at 70°C. Initial viscosities may be a greater factor in the

final properties when resins are light-cured at room temperature. The monomers (the Tg

corresponds to the polymers formed by the monomers) that were used are cyclohexyl

methacrylate (CHMA) (Tg = 83°C), t-butylcyclohexyl methacrylate (t-BCHMA) (Tg -

98°C), 2-phenyloxy ethyl methacrylate (PEMA)(Tg=54°C) (Figures 3:l-3.3);2,2'-bis-(4-

methacryloyloxyethoxyphenyl) propane (Bis-MEPP) (Figure 2.4) was the base monomer.

Given two monomer systems that form polymers with the same glass transition

temperature, the monomer systems with a lower viscosity will vitrify later and allow
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Figure 3.3: The structure of t-butylcyclohexyl methacrylate (t-BCHMA)
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higher conversions. Whether the higher conversion will result in a polymer with a less

heterogeneous structure will be explored in this work.

Polydisperse polymers have lower viscosities than their corresponding

monodisperse systems [97]. A multicomponent diluent system with the same average

molar mass as triethylene glycol dimethacrylate should result in a lower viscosity. The

lower viscosity will allow increased conversion and improved mechanical properties. A

multicomponent system may also allow the reduction of polymerization shrinkage

through the use of a smaller amount of diluent to obtain an acceptable viscosity. The

monomers used for the multicomponent diluent experiments were ethylene glycol

dimethacrylate, diethylene glycol dimethacrylate, triethylene glycol dimethacrylate, and

poly (ethylene glycol 400 g/mol, 600 g/mol, 1000 g/mol) dimethacrylate (Figure 3.4).

Three mixtures will be created that have the same weight average molar mass as

triethylene glycol dimethacrylate (TEGDMA). TEGDMA systems will also be

formulated as a baseline. One mixture will contain all of the monomers mentioned. The

second will contain all of the monomers except the 1000 molar mass monomer. The third

will contain all of the monomers except for the 600 and 1000 molar mass monomers.

The hypotheses that are tested in this work are:

1 . Monofuctional methacrylates with a cyclic or aromatic pendant group can

reduce polymerization shrinkage while improving or negligibly affecting

mechanical properties when compared to a Bis-MEPP/TEGDMA baseline

system. The wet modulus of a 65/35 weight percent ratio Bis-

MEPP/TEGDMA system is 2.6 ± 0.1 GPa and wet fracture toughness is

0.56 ±0.10 MPa.m 5
. An increase in modulus would be a modulus of 2.8

GPa or greater and no change would be modulus values ranging from 2.5
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to 2.7 GPa. Similarly, an increase in fracture toughness would be values

of 0.75 MPa.m05 or greater and no change would be fracture toughness

values ranging from 0.50 to 0.74 MPa.m 5
. The percent shrinkage for the

baseline Bis-MEPP/TEGDMA systems is 9.7 ± 0.4 and an improvement

would be shrinkage values less than 9.0 percent. The viscosity of the

baseline Bis-MEPP/TEGDMA systems would be 780 ± 20 centipoise an

improvement would be values lower than 740 centipoise.

2. Heterogeneity can be reduced in polymers designed with the same glass

transition temperatures by having a lower viscosity monomer system.

3. Blends ofTEGDMA analogs are more effective at reducing the initial

viscosity compared to TEGDMA alone.

Materials and Methods

All monomers diluted with acetone and passed over inhibitor removal columns

obtained from Aldrich. The acetone was removed from the monomers by evaporation

under vacuum. The t-BCHMA monomer was obtained with catalyst still present, which

resulted in an orange color. The catalyst was titanium tetrabutoxide. The catalyst was

removed by reacting it with water. The t-BCHMA monomer was extracted from the

water/precipitate mixture with chloroform in a separation funnel. The chloroform was

removed from the t-BCHMA monomer by evaporation under vacuum.

The initiator system that will be used for all systems is 0.5 weight percent

camphoroquinone and 0.5 weight percent N,N-dimethyl-p-toluidine. Samples were cured

using a UniXS twin Xenon strobe lamp light cure oven manufactured by Heraeus Kulzer.

The resins or pastes were clamped between glass plates and polyethylene terephthalate
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Table 3.1: Materials used

Materials Abbreviation Manufacturer

2,2'-bis-(4- Bis-MEPP

methacryloylethoxyphenyl)

propane

cyclohexyl methacrylate CHMA
tertiary-butylcyclohexyl t-BCHMA
methacrylate

2-phenyloxyethyl methacrylate PEMA
triethylene glycol dimethacrylate TEGDMA
ethylene glycol dimethacrylate EGDMA,
analogs up to 600 g/mol. DEGDMA,

TetraEGDM,

EG(400),

EG(600)

poly (1000) ethylene glycol EG(1000)

dimethacrylate

Camphoroquinone CQ

N, N-dimethyl-para-toluidine DMPT

Sartomer Co., Exton, PA, USA

Sartomer Co., Exton, PA, USA
Esstech, Essington, PA, USA

Sartomer Co., Exton, PA, USA
Sartomer Co., Exton, PA, USA
Sartomer Co., Exton, PA, USA

Polysciences, Warrington, PA,

USA
Aldrich Chemical Co., Milwaukee,

WI, USA
Aldrich Chemical Co., Milwaukee,

WI,USA

(PET) film with a piece of Tygon tubing as a spacer (Figure 3.5). The mold was then

illuminated on both sides for 180 sec. The distance between the glass plates was checked

at various points to make the plates parallel. This ensured uniform samples. DMS and

flexure samples were then cut using a slow speed diamond saw. Tensile samples were

made in a similar manner to the flexure and DMS samples except an aluminum mold

made to ASTM type 5 dogbone specifications was clamped between the glass plates and

PET film. All samples for mechanical properties and DMS testing in the wet state were

prepared in the same manner. The cured samples were placed in ultrapure water (16-18

MQ-cm) at 37°C for 1 month. The water was changed periodically to facilitate monomer

leaching and to better simulate the oral environment. The dry samples were aged in a

desiccator for 1 week after curing and then tested. The monofunctional
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n=1 Ethylene glycol dimethacrylate

n=2 Diethylene glycol dimethacrylate

n=3 Tri"

n=4 Tetra"

n=9 Poly(400) ethylene glycol dimethacrlate

n=14Poly(600) "

n=23Poly(1000) "

Figure 3.4: The basic structure of poly (ethylene glycol dimethacrylate) analogs
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monomers were added at 30, 40, 50, and 60 mol.% to the Bis-MEPP base monomer. The

multicomponent diluent systems were added to the Bis-MEPP base monomer at 35

weight percent. The matched Tg systems were formulated to have a Tg of 135°C

(denoted by the maximum in the tan 8 peak at 1 Hz) using data from the previous

systems. Table 3.2 contains the corresponding weight fractions of the resin formulations.

Table 3.2: Molar fractions, weight fractions, and viscosities ofBis-MEPP/CHMA, Bis-

MEPP/t-BCHMA, and Bis-MEPP/PEMA resins

Resins Molar fractions Mass Fractions Viscosity (cP)

Bis-MEPP/CHMA 70/30 87.7/12.3 2170 ±10
60/40 82.1/17.9 1330 ±10
50/50 75.3/24.7 880 ±10
40/60 67.1/32.9 460 ± 10

Bis-MEPP/PEMA 70/30 83.7/16.3 2030 ±10
60/40 76.7/23.3 1390 ±10
50/50 68.7/31.3 890 ±10
40/60 59.4/40.6 590 ± 10

Bis-MEPP/t-BCHMA 70/30 80.6/19.4 2640 ±10

60/40 72.7/27.3 1640 ±10
50/50 64.0/36.0 990 ±10
40/60 54.3/45.7 600 ± 10

Flexure testing, for the measurement of the flexural modulus, was performed

according to ASTM D790-81 three-point bend test procedure. An Instron 1 122 fitted

with an environmental chamber operating at 37°C was used. The three-point bend test

fixture has a support span of40 mm and load span of 20 mm. The cross-head speed used

is 1 mm/min. The sample size was 2.5 mm x 2.7 mm x 45 mm.

The tensile breaking strength was measured according to ASTM standard D638-

89 on the Instron 1 122 fitted with an environmental chamber set at 37 ± 2°C. The

samples, which were type five geometry, were held with pneumatic grips with a clamping
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force of 70 psi (0.48 MPa). The cross-head speed was 0.05 inches/min (1.3 mm/min)

corresponding with an elongation rate of 5 percent/min.

Flaws resulting from the manufacture of samples often influence strength in

mechanical properties tests. To remove noise that results from sample manufacture and

isolate materials properties, fracture toughness was measured using quantitative

fractography. Fracture toughness is typically measured using methods such as single-

edge notched, short rod, compact tension, or double torsion. These methods require

particular sample preparation techniques and are often labor intensive to implement.

Fracture toughness can be measured from the fracture surface of an ASTM dogbone

when the fracture stress is known. The following equation was used to determine

fracture toughness for brittle failures with edge flaws [98]:

0.5 i 0.5Klc =l.24a f {(aby
3

}f

Where: Cf = fracture stress

a = depth of crack

b = half-width of crack

This equation is based on the assumption that failure-initiating crack can be modeled as

an equivalent semicircular crack. The following equation was applied if yielding behavior

was observed [98]:

(KIcf ={\2n{G
f )

2
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Figure 3.5: Schematic of mold used for sample manufacture. Source: [99]
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Where: c = (ab)°
5

(j) =1.57

CTys = yield stress

This equation is based on the assumption that the radius of the plastic zone is small

compared to the crack size and that the plastic deformation is occurring at the crack tip.

These assumptions allow the application of linear elastic fracture mechanics. Fracture

toughness was measured in both wet and dry samples. Similar equations were applied if

corner flaws were observed:

KIC ={lA2)
2
±<j

f^
The flaw sizes were determined using an Olympus optical microscope at 100 and

200 magnification. The depth and the half-width of the fracture initiating flaws were

measured using a reticule. The magnitude of the length was calibrated using a standard

glass scale at each magnification.

Dynamic Mechanical Spectroscopy was performed on one sample from each

system. DMS imposes a sinusoidal strain on a sample over a range of temperatures and

frequencies. It provides information about relaxation processes in polymers such as glass

transitions and sub-glass transitions. The information is collected in the form of storage

modulus (E'), loss modulus (E"), and the loss dispersion (tan 6) as a function of

temperature and frequency. A Seiko DMS1 10 (double cantilever type) interfaced with a

Seiko SDM5600H Rheostation was used to analyze the thermomechanical response in

flexure mode. Measurements were taken at frequencies of 0.1, 0.5, 1, 5, and 10 Hz over

the temperature range, -140°C to 200°C at a heating rate of 0.75°C/min in a nitrogen

environment. The sample size used was approximately 2.5 mm x 10 mm x 40 mm.
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Fourier Transform Infrared Spectroscopy was used to determine the degree of

conversion in the various network polymer systems. The monomer samples were

prepared by placing two drops of material between two sodium chloride (NaCl) crystals.

The cured material samples were prepared for analysis by cryo-milling. The powders

were mixed with IR grade KBr powder and pressed into thin pellets. Backgrounds were

taken before every run with a blank crystal or KBr pellet. The spectra obtained represent

32 scans using a Nicolet 20SX FTIR. No baseline corrections were performed on the

spectra. The degree of conversion or percent-unreacted double bonds was determined by

comparing the peak areas of the vinyl group at 1637 cm"
1

of the monomers and the cured

polymers. Peak fitting software was used to draw baselines, deconvolute, and measure

the areas of these peaks (PeakFit v4 by SPSS Inc.). The magnitude of these peaks is

related to the path length of the radiation, the molar absorptivity, and the concentration of

the chemical species. The aromatic peak at 1608 cm"
1

is used as an internal reference

peak to normalize the vinyl peak intensities in different spectra. The normalization

makes the peak areas a function of the concentration of chemical species. The intensity

of peak at 1608 cm' that is associated with aromatic bonds does not change during

polymerization. The following equation was used to calculate the percent of unreacted

double bonds (UDB)[100]:

UDB(%) = (bc/ad)*100

Where: a = the vinyl absorbance peak at 1637 cm"
1

of the resins or pastes

b = the aromatic absorbance at 1608 cm"
1

of the resins or pastes

c = the vinyl absorbance at 1637 cm"
1

of the cured materials

d the aromatic absorbance at 1608 cm"
1

of the cured materials
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It should be noted that this technique only samples vinyl bonds. It is possible for

molecules to exist without vinyl bonds due to consumption by termination and

disproportionation that are not incorporated into the network structure. Termination in

the free radical polymerization methyl methacrylate at 60°C occurs 79 percent by

disproportionation and 21 percent by combination [101].

The viscosities of the various monomer mixtures were measured at 25°C with a

Brookfield CAP2000 cone and plate viscometer. Shear rates ranging from 2667 to 6667s"

were used to determine shear rate dependence of the viscosity. The two cone types used

are: cone #1, which has a 0.45° slope angle and a radius 1.51 1 cm, and cone #2, which

has a 0.45° slope angle and a radius of 1 .200 cm.

The shrinkage of the monomer systems was calculated from differences in density

between the monomers and cured polymer systems. The monomer densities were

obtained by the average of 5 measurements from 25 ± 0.03 ml volumetric flasks. The

densities of the cured samples were measured 5 times using the Mettler 33360 Density

Determination Apparatus (ASTM D792-86).

Statistical analysis was performed using the Sigma Stat™ software package.

Student's t-tests were used to statically compare the different sample sets.

Results and Discussion

Physical Properties

The viscosity of the Bis-MEPP/monofunctional diluent systems decreases, as

expected, with increasing concentration of diluent monomers (Figure 3.6). At the 30

percent molar concentration the CHMA systems have a higher viscosity than the PEMA

and t-BCHMA systems. At the higher mol.% of diluent, the viscosity of the Bis-
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MEPP/CHMA is lower than the viscosity of the Bis-MEPP/PEMA systems. This

indicates that differences in weight percent of diluent are a larger issue at lower

concentrations (Table 3.2), which holds true for the t-BCHMA systems as well.

The monofunctional diluent will be compared to TEGDMA on a weight percent

basis because of the large difference in weight fractions that would result from comparing

resins formulated on a molar basis. The multicomponent diluent systems will be denoted

with the following abbreviations: EG (400), EG (600), EG (1000). The abbreviations

represent the multicomponent diluent systems EGDMA (400), EDGMA(600) and

EGDMA(IOOO) described earlier in this work. A comparison of the diluent systems at 35

weight percent shows that CHMA is the most effective followed by PEMA diluent

(Figure 3.7). This is due to its small molar mass. T-BCHMA is the only diluent that is

not more effective on a per weight basis as indicated by comparison with TEGDMA in

the Bis-MEEP system. Although the molar mass oft-BCHMA is smaller than that of

TEGDMA its structure is more rigid and bulky as evidenced by higher viscosity of the

Bis-MEPP/t-BCHMA systems. The ethylene glycol units in the backbone of the

TEGDMA produce a more flexible structure, which lowers viscosity more effectively

than stiff bulky structures. Isobornyl methacrylate, a high molar mass methacrylate with

a bulky stiff ring pendant group, also reduced the viscosity less effectively than

TEGDMA[48]. FTIR analysis indicated that t-BCHMA monomer contained 10.4 ± 6.1

percent non-reactive contaminates, which depending on their exact nature may decrease

the t-BCHMA's ability to lower viscosity. There is no significant trend toward lower

viscosity in the multicomponent systems composed of molecules with a greater range of

molar masses. It seems that molar mass dispersity might only have significant effects in
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systems of greater molar mass.

Methacrylates have been shown to have shrinkage of 22.5 ml/mol per double [52]

bond upon complete conversion of the double bonds to single bonds (Tables 3.3-3.7).

Decreasing the molar concentration of methacrylate groups present in the monomer

system can reduce the shrinkage that occurs upon polymerization. One way to reduce the

molar concentration is to increase the specific volume of the monomers or the molar mass

of the monomers with respect to the methacrylate groups. The discrepancy between the

theoretical shrinkage and the measured shrinkages is due to the incomplete reaction of

these systems.

Table 3.3: Predicted theoretical and measured shrinkage values for Bis-MEPP-based
copolymer systems

Co-Monomer

Molar Mass of comonomer* (g/mol)

# of moles of comonomer in 1ml of mixture

#ofmolesofBis-MEPP
# number of moles C=C from co-monomer in

lml of mixture

# number of moles C=C from Bis-MEPP in lml

of mixture

Total # number of moles C=C in lml of mixture

Theoretical volumetric shrinkage (%)
Measured volumetric shrinkage

35 wt.%.

TEGDMA
33 wt.%

CHMA
31 wt.%.

PEMA

*The molar mass of Bis-MEPP is 452 g/mol.

286

1.35x10

1.59x10"

,-3

v3

6.38xl0"
3

13.2

9.7

168

2.07x1
0"3

1.58x10
-3

5.23x10

11.8

9.0

-3

206

1.68X10
-3

1.68xl0"
3

2.70xlO"
J

2.07xl0"
3

1.68xl0"
3

3.58xl0"
3

4.14xl0"
3

3.36xl0"
3

5.04x10"

11.3

8.7

For example, the Bis-MEPP/t-BCHMA systems, which have the highest average specific

volume per methacrylate group, display the least amount of shrinkage. The systems that

shrink the most upon curing are the Bis-MEPP/EDGMA-type systems, which have the

lowest specific volume per methacrylate group of all the systems examined in this study.
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This corresponds with results reported in other work where monomers with larger

specific volume per methacrylate groups displayed less polymerization shrinkage [47, 48,

50-52].

The percent shrinkage values within each system increase with increasing amount

of diluent. This is expected in Bis-MEPP/CHMA and Bis-MEPP/PEMA systems

because the molar mass per methacrylate group is smaller than that of the Bis-MEPP. In

Bis-MEPP/t-BCHMA systems shrinkage also increases with increasing amounts of

diluent.

Table 3.4: Physical properties ofBis-MEPP/PEMA systems

Composition Monomer density Polymer density Shrinkage Water uptake

(molar ratio) (g/cm
3

) (g/cm
3

) (%) (wt.%)

70:30 1.1 13 ±0.001 1.203 ±0.001 8.1 0.5 ±0.1

60:40 1.105 ±0.001 1.197 ±0.002 8.2 0.5 ±0.1

50:50 1.100 ±0.001 1.196 ±0.002 8.7 0.3 ±0.1

40:60 1.098 ±0.002 1.193 ±0.002 8.7 0.4 ±0.1

The systems examined here are not taken to a high degree of conversion as FTIR

experiments presented later in this work will show. The incomplete reaction results in

smaller amounts of polymerization shrinkage than theoretically predicted.

Water uptake is lower in all of the monomethacrylate systems than the EGDMA-

based systems. This is due to the lower polarity of the monomethacrylate systems. There

is no difference in the water uptake within the error of measurement in the Bis-

MEPP/PEMA systems. This is due to the similar structure ofPEMA to Bis-MEPP. The

water uptake experiments in the Bis-MEPP/CHMA systems have similar results to the
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Table 3.5: Physical properties of Bis-MEPP/CHMA systems

Composition Monomer Polymer density Shrinkage Water uptake

(molar ratio) density (g/cm
2

) (g/cm
2

) (%) (%)

70:30 1.097 ±0.002 1.186 ±0.001 8.0 0.7 ±0.1

60:40 1.089 ±0.002 1.180 ±0.001 8.4 0.6 ±0.1

50:50 1.078 ±0.002 1.170 ±0.001 8.6 5 ±0.1

40:60 1.065 ±0.002 1.161 ±0.001 9.0 0.6 ±0.1

Bis-MEPP/PEMA systems. There is also not much difference in the polarity of the

structure of Bis-MEPP and CHMA. It has been shown that water uptake decreases in

methacrylate-dimethacrylate polymers as the amount of methacrylate feed is increased

[73]. This difference in the results seen in these systems and those examined in this work

lies in sample preparation. The samples in the cited study were heat-cured to high

conversion and then extracted prior to water uptake experiments. The samples in this

work are light-cured at room temperature. This results in a larger amount of pendant

groups and regions of low cross-link density material. It has been postulated that areas of

low cross-link density take up solvents preferentially [30]. This preferential uptake is the

mediating factor in the water uptake experiments. The Bis-MEPP/t-BCHMA systems

have lower water uptake than the other systems. This could be due to the less polar

structure of the t-BCHMA monomer. The lower value could also be due to loss of

material while the samples are immersed in water. Bis-MEPP/t-BCHMA polymers lost

an average of 8 weight percent in extraction studies performed with chloroform while the

other polymers in this study had no detectable weight loss. No conclusions about the

trend toward lower water absorption with increasing concentrations oft-BCHMA are

possible due to leaching of materials during the hydration process.
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Table 3.6: Physical properties of Bis-MEPP/t-BCHMA systems

Composition Monomer density Polymer density Shrinkage Water uptake

(molar ratio) (g/cm
2

) (g/cm
2

) (%) (%)

70:30 1.08110.002 1.159 ±0.002 7.2 0.3 ±0.1

60:40 1.068 ±0.002 1.147 ±0.002 7.4 0.3 ±0.1

50:50 1.052 ±0.001 1.133 ±0.002 7.7 0.2 ±0.1

40:60 1.036 ±0.001 1.1 18 ±0.002 7.9 <0.1

Table 3.7: Physical properties of Bis-MEPP/EGDMA-type resins

Diluent system Monomer Polymer density Shrinkage Water uptake

density (g/cm
2

) (g/cm
2

) (%) (%)

TEGDMA 1.097 ±0.001 1.204 ±0.002 9.7 1.0 ±0.1

EGDMA(400) 1.098 ±0.002 1.206 ±0.002 9.7 1.0 ±0.1

EGDMA(600) 1.097 ±0.002 1.203 ±0.002 9.6 1.0±0.1

EGDMA(IOOO) 1.100 ±0.001 1.205 ±0.001 9.5 1.0 ± 0.1

The degree of conversion values obtained from the FTIR spectra correspond well

with those seen in the literature (Tables 3.8 and 3.9) [3, 102-105]. Other studies using

monomethacrylates have reported values for degree of conversion that were slightly

lower when mixed at 54 mol.% with Bis-GMA resins [47, 48]. A true comparison is not

possible between these systems and those used in this study because the Bis-GMA

systems were heat-cured at 70°C for 8 hours in a nitrogen atmosphere. Cure under such

conditions results in a different network structure because the elevated temperature

delays vitrification and the nitrogen eliminates oxygen inhibition of the polymerization.

The polymerization process is also different due to differences in the concentration of

radicals when heat curing and light curing are used. The lower conversion in these

systems is due to their high viscosity and the difference in the curing techniques

mentioned earlier. The higher viscosity is a result of the hydroxyl groups on Bis-GMA
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molecules and its slightly higher molar mass compared to Bis-MEPP. The viscosity of a

Bis-GMA system diluted with 54 mol.% tetrahydrofurfuryl methacrylate was nearly 2000

cP [48]. Bis-MEPP resin formulated with similar mol.% of diluents had viscosities lower

than 1000 cP.

The degree of conversion increases with higher concentrations of diluent (Table

3.8). The three factors that control the degree of conversion are viscosity of the initial

monomer formulation, the Tg ofpolymer formed, and the average functionality of the

system. All three of these factors are changed in ways that promote higher degrees of

conversion by adding diluent, i.e., viscosity is lowered, average functionality is

decreased, and the Tg of polymer formed is also decreased. Table 3.9 contains the degree

of conversion values for the Bis-MEPP/EGDMA-type resins and the corresponding

monomethacrylates with approximately the same weight percent diluent. At the same

weight percent the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems have a smaller

average number of remaining vinyl bonds; however, the actual weight percent of the

PEMA in the system is 31. A Bis-MEPP/PEMA system formulated with 35 weight

percent would have a smaller quantity of remaining double bonds. The Bis-MEPP/t-

BCHMA systems average value is lower than that of the Bis-MEPP/EDGMA-type

systems; however, the error in measurement indicates that there is not a significant

difference. The lower degree of conversion of the Bis-MEPP/t-BCHMA systems is due

to the high viscosity of the monomer systems and the high Tg of the polymer system

formed.
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Table 3.8: Degree of conversion values based on percent vinyl bonds remaining in Bis-

MEPP/PEMA, Bis-MEPP/CHMA, and Bis-MEPP/t-BCHMA systems

Molar Ratio Bis-MEPP/PEMA Bis-MEPP/CHMA Bis-MEPP/

t-BCHMA
70/30 33.6 ±3.9 36.0 ± 4.7 40.4 ± 2.6

60/40 23.7 ±2.5 25.1 ±3.1 31.8 ±3.3

50/50 22.5 ± 3.2 24.3 ± 2.6 24.7 ± 3.5

40/60 18.1 ±3.1 21.3 ± 3.6 22.3 ±2.6

Table 3.9: Degree of conversion values based on percent vinyl bonds remaining in Bis-

MEPP/EDGMA-type systems, and the Bis-MEPP/PEMA, Bis-MEPP/CHMA, and Bis-

MEPP/t-BCHMA systems formulated to approximately 35 weight percent diluent

System Percent remaining vinyl bonds

Bis-MEPP/TEGDMA 27.5 ± 4.4

Bis-MEPP/EGDMA(400) 25.3 ± 3.0

Bis-MEPP/TEGDMA(600) 27.9 ±3.4

Bis-MEPP/TEGDMA( 1 000) 27.0 ± 4.2

Bis-MEPP/PEMA 22.5 ±3.2

Bis-MEPP/CHMA 21.3 ±3.6

Bis-MEPP/t-BCHMA 24.7 ±3.5

The mechanical properties data is presented as a comparison of different

comonomers grouped by mol.%. The Bis-MEPP/PEMA, Bis-MEPP/CHMA, and Bis-

MEPP/t-BCHMA systems will also be compared to Bis-MEPP/TEGDMA-type systems

with similar weight percent formulation. The mechanical properties of each system are

grouped by the molar ratios of the monomer components of the polymers (Figures 3.8-

3.10).

Flexure Testing

The flexure modulus values from the Bis-MEPP/PEMA, Bis-MEPP/t-BCHMA,

and Bis-MEPP/CHMA polymers are grouped by mol.% formulation (Figure 3.8). There

are no pervasive trends with the change in mol.% of diluents in the dry or wet state.
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The average modulus of the Bis-MEPP/PEMA resins varies 0.2 GPa throughout

the entire range ofPEMA concentrations in both the wet and dry states. Student's t-tests

found no significant difference (P > 0.05) in any of the groupings in the Bis-

MEPP/PEMA series.

There are also no clear trends in the modulus of dry Bis-MEPP/CHMA systems. The

60/40 system seems to be anomalously low (P < 0.05). In the wet Bis-MEPP/CHMA set

there is a significant increase in modulus (P < 0.05) as CHMA is added up to 50 mol.%.

Further addition ofCHMA past 50 mol.% does not result in an increase in modulus upon

hydration. The 50/50 and 40/60 systems are not significantly different (P < 0.05). The

increase in modulus corresponds with a decrease in water uptake. Examination of the

dynamic mechanical spectra of the 70/30 Bis-MEPP/CHMA systems shows that the glass

transition is lower than the 60/40 Bis-MEPP/CHMA system, while the magnitude of the

tan 8 maximum in the 70/30 system is less than the 60/40 system. This indicates that

there is a large amount of low cross-link density material and pendant groups. The

regions of low cross-link density and the increased water uptake result in the decreased

modulus compared to the systems with larger amounts of diluent. Further discussion of

the DMS is presented later in this work. The average values of modulus in the wet state

were not significantly different from the dry state for all of the resins accept the 70/30

composition. The modulus of the 70/30 composition is significantly (P < 0.05) decreased

in the wet condition.

There are no clear trends in Bis-MEPP/t-BCHMA systems in the wet or dry

states. Pair-wise comparison of all of the dry compositions indicates that there is not a

significant difference (P > 0.05). In the wet condition, the 60/40 composition is
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monomers used to diluent the Bis-MEPP monomer
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significantly greater (P < 0.05) than the other compositions. Pair-wise comparison of the

same systems in the wet and dry state shows that the wet modulus is significantly greater

(P < 0.05) in the 60/40 composition.

Pair-wise comparison of the different polymer systems by mol.% formulation in

the dry state indicates that the Bis-MEPP/t-BCHMA systems have significantly (P <

0.05) lower modulus than the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems in all

cases except the 60/40 systems where the Bis-MEPP/PEMA is not significantly different

from the Bis-MEPP/t-BCHMA systems. There is not a significant (P > 0.05) difference

between the Bis-MEPP/PEMA and Bis-MEPP/CHMA systems in any of the

formulations. The addition of monomethacrylates results in an increase in the molar

mass between cross-links as evidenced in the DMS plots present later in this work. The

different methacrylates result in different glass transition temperatures even though the

average functionality of the mol.% formulations are the same. The tan 8 curves in the

DMS have a shoulder on the low temperature side of the main relaxation. Correlation of

the shoulder of tan 8 curves with the E' plots shows the E' values drop concurrently with

shoulder. It is thought that the shoulder in the tan 8 curve, which is associated with a P-

relaxation, is responsible for the similarity of the flexure modulus values. A more in-

depth discussion of P-relaxations will be given later in this work.

The results of a pair-wise statistical comparison of the different polymer systems

by mol.% formulation in the wet state are shown in Table 3.10. The Bis-MEPP/t-

BCHMA systems have the lowest modulus values with the exception of the 60/40 mol.%

system. Generally speaking the Bis-MEPP/t-BCHMA polymers have the highest glass

transition temperature and their monomer systems have the highest viscosities. The
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presence of contaminates also results in a reduction in the modulus of the Bis-MEPP/t-

BCHMA systems.

Table 3.10: Pair-wise comparison of the modulus values of different polymer systems by

mol.% formulation in the wet state using Student's t-test

Molar Ratio Significantly different Not Significantly Different

(P < 0.05) (P > 0.05)

70/30 CHMA/PEMA, PEMA/t-BCHMA CHMA/t-BCHMA
60/40 PEMA/t-BCHMA, CHMA/PEMA,

CHMA/t-BCHMA
50/50 CHMA/t-BCHMA, PEMA/t- CHMA/PEMA

BCHMA
40/60 CHMA/t-BCHMA, PEMA/t- CHMA/PEMA

BCHMA

In the 70/30, 50/50, and 40/60 Bis-MEPP/t-BCHMA systems the modulus values are not

significantly different (P > 0.05). There is a smaller amount of water uptake in these

systems than in the 70/30 and 60/40 systems, but the water uptake values are suspect due

to the possible loss of materials during the water treatment; therefore, differences in water

uptake cannot be cited for the lack of modulus increase in the 70/30, 50/50, and 40/60

systems. It is likely that there is some limit at which the loss of extractable material no

longer results in increased modulus. The 70/30, 50/50, and 40/60 systems have reached

this limit with a final weight loss of 6.5, 8.5, and 1 1.0 percent, respectively, after

extraction in chloroform.

The small range of modulus values observed in this work can be understood by

examination of the dynamic mechanical spectrum of these polymers (Figures 3.1 1-3.21).

There is a shoulder present on the low temperature side of the main relaxations in all the

tan 6 spectra. The samples were tested at 37°C, which is in close proximity to onset of



74

this relaxation. This relaxation is likely in great part due to the incomplete curing of

these systems as well as P-relaxations common to the methacrylate family. Further

discussion about the nature of p-relaxations will be given later in this work. The

incomplete cure of the systems results in a large of amount of heterogeneity, regions of

low and high cross-link density materials. The systems with a higher average

functionality form more highly cross-linked polymers; however, they form a less uniform

network structure with a great amounts of defective structures. This structure and the

incomplete cure of the samples results in small variations in the modulus values. A small

range of modulus variation (0.4 GPa) has also been reported in other monomethacrylates

that were incorporated into Bis-GMA systems [47, 48]. In order to confirm that the low

temperature shoulder is a contributing factor of the modulus values a 70/30 Bis-

MEPP/PEMA sample was post cured at 140°C for 2 hours immediately after the initial

light curing. The post cure resulted in a dramatic reduction in the shoulder associated

with the P-relaxation and a slight increase in the glass transition temperature as well as an

increase in the cross-link density (Figure 3.24). The modulus values at 37°C tested using

the Instron and procedures described earlier were 3.0 ± 0.1 and 2.7 ± 0.1 GPa for the post

cured and normally cured sample, respectively. Although, the P-relaxation is greatly

reduced by the post cure at 140°C, it has not been completely removed. This indicates

that there is an underlying mechanism for this relaxation as well as the one that is an

artifact of cure temperature.

Understanding the results of flexure testing in the wet state as well as the changes

in the modulus upon hydration requires knowledge of the processes that affect network

structure during hydration. Hydration can increase modulus, decrease modulus, or have
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no effect on modulus depending on the amount of water absorbed and how long the

samples are soaked in water [5, 21, 23, 41]. The mechanisms responsible for these

phenomena are plasticization by water and unreacted material, the leaching of materials

from the system and physical and chemical aging. Swelling in water has also been shown

to increase conversion [106, 107]. Dynamic mechanical spectroscopy results presented

later in this work also indicate that additional polymerization or aging is occurring during

hydration. Additional polymerization might also be occurring independently of water

absorption. Diacrylates can continue to polymerize in the glassy state after the initial

curing provided that the system has not vitrified or gelled to the level that diffusion is no

longer reasonable [108]. The dry samples were tested one week after polymerization and

the wet samples were tested one month after polymerization. The additional aging time

of the wet samples may allow additional polymerization and physical aging to occur that

would result in increased modulus values. In the Bis-MEPP/CHMA and Bis-

MEPP/PEMA systems it is unlikely that leaching of materials is taking place in

appreciable amounts because weight loss was not detected in extraction experiments

performed in acetone and chloroform. The increase in the average modulus values at

37°C, although not significant in most cases, from the wet to dry state is a result of

additional polymerization and physical aging. The effect water has on the additional

polymerization and physical aging is difficult to discern. The concentration of water is

small and may aid the previously mentioned processes or it might result in a loss of

modulus due to plasticization. Testing samples dry aged from 1 month might give more

insight into the role the water is playing.

In the Bis-MEPP/t-BCHMA system the 60/40 composition is notable because

there is a significant increase (P < 0.05) in modulus in the wet state. A 5 percent weight
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loss was observed in chloroform extraction of the 60/40 Bis-MEPP/t-BCHMA system.

The loss of unreacted material coupled with the additional polymerization and physical

aging are responsible for the observed results.

Fracture Toughness and Tensile Testing

The tensile strength data and fracture toughness data will be discussed

simultaneously in this section. Caution should be used when interpreting tensile strength

data because of the sensitivity of tensile strength to flaws induced by sample preparation.

This is why fractographic analysis was used to interpret the strength properties of these

materials. Tensile strength is an indicator of materials performance; however, it is not a

materials property. It should also be noted that there was greater difficulty obtaining wet

samples in which the flaws could be resolved than in the dry samples.

The tensile strength of dry Bis-MEPP/PEMA polymers decreases significantly

with the addition ofPEMA (P < 0.05) (Figure 3.9). The 40/60 dry systems displayed a

slight yielding behavior. The average yield stress of the 40/60 set was 41+2 MPa

slightly higher than the average break stress, 38 ± 2 MPa. The yielding behavior is a

result of the large molar mass between cross-links and the low glass transition

temperature of the system as indicated by DMS (Figure 3.1 1). Fracture toughness

(Figure 3.10) shows an increasing trend with the addition ofPEMA; however, it is not

significant (P > 0.05). This indicates that the tensile strength values may be a result of

artifacts from sample preparation. There is not a significant difference (P > 0.05) in wet

tensile strengths with the exception of the 70/30 system, which is significantly stronger (P

< 0.05) than the other systems. There is not a significant difference (P > 0.05) between

fracture toughness values in the wet state with the exception of the 40/60 system being

significantly tougher (P < 0.05) than the 70/30 system. Again, the fracture toughness
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results are different than tensile strength results. The difference in the trends is due to

flaws resulting from sample preparation. The similarity of the strength values of this

system can be attributed to the same factors that resulted in small variations in modulus

for the Bis-MEPP/PEMA systems. As discussed earlier there is a P-relaxation in the

dynamic mechanical spectra of these polymers that correlates with a decrease in modulus

values. The p-relaxation is stronger in the samples with higher cross-link densities. The

P-relaxation has been associated with a loose defective interlayer [34, 94] and regions of

higher mobility [26] that are a result of vitrification. Although the cross-link density is

higher in systems with less PEMA, it seems that the networks formed are less

homogeneous than the networks formed when more PEMA is present. The less

homogeneous network structure is indicated by the presence of the shoulder in the

systems with less PEMA and also the larger full-width half maximums of the tan 8 peaks

(Figure 3.1 1 and Table 3.1 1). The samples with higher concentrations ofPEMA have a

more uniform network structure. The heterogeneity of the higher cross-link density

systems results in moderation of the strength properties of the systems; hence, the similar

values of fracture toughness and tensile strength for all of the systems. The difference in

the fracture toughness of the 70/30 and 40/60 Bis-MEPP/PEMA systems in the wet state

may be a result of the weakening of the 70/30 systems due to preferential swelling in the

regions of lower cross-link density. This mechanism has been proposed for the loss in

fracture toughness of tetraethylene glycol dimethacrylates swelling in water [30].

Comparison of the wet and dry samples of the same mol.% formulations indicates that all

the wet polymers have significantly higher (P < 0.05) tensile strengths than their dry

counterparts. Again the fracture toughness values contrast the tensile strength values.

There is no significant difference (P > 0.05) between fracture toughness of the wet and
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dry Bis-MEPP/PEMA samples. The wet state of the 70/30 system appears to have quite a

bit lower fracture toughness than the dry state, but the scatter on the measurement is

large. The mechanisms discussed previously in this work that affect the modulus of these

systems when they are hydrated also affect their strength properties. The additional

polymerization and relief of residual stress that occurs over time in these samples is

influenced by the presence of water. It is difficult to say if the presence of water

enhances the addition polymerization and relief of residual stress or if it results in a

reduction in properties compared to a system aged for a similar amount of time without

water present.

The 50/50 and 60/40 wet Bis-MEPP/CHMA systems have significantly (P < 0.05)

higher tensile strengths than the corresponding dry systems (Figure 3.9). There is no

significant difference between tensile strengths of the wet and dry state of the 70/30 and

the 40/60 systems (P < 0.05). There is no significant difference (P > 0.05) in the tensile

strength values of the different mol.% formulations within the wet and dry states of the

Bis-MEPP/CHMA system. There is no significant difference (P < 0.05) in the fracture

toughness values for any of the Bis-MEPP/CHMA systems wet or dry or by pair-wise

comparison ofwet and dry systems with the same mol.% formulation. The same

arguments presented for the Bis-MEPP/PEMA systems can be applied to the Bis-

MEPP/CHMA systems. Examination of the DMS plots of these systems shows a

shoulder located on the low temperature side of tan 5 peak in the higher cross-link

density systems. The shoulder is not as pronounced in the shoulder in the Bis-

MEPP/PEMA systems but its onset is near the same temperature. The lack of resolution

is likely due to the increased width of the main portion of the tan 8 in the Bis-

MEPP/CHMA systems (Table 3.11).



79

The tensile strength in the Bis-MEPP/t-BCHMA systems decreases with

increasing concentration in the dry state with the exception of the 70/30 formulation. In

the wet state there is a decreasing trend with the addition oft-BCHMA. Table 3.9

contains the results of statistics comparing the formulations in the wet state, the

formulations in the dry state, and the pair-wise comparison of the formulations in the wet

and dry state. The fracture toughness behavior is similar to the tensile strength behavior:

additions oft-BCHMA greater than 40 mol.% result in a decrease in strength in the wet

and dry state. The decrease is not significant between any of the systems in the

dry state (P > 0.05). The 70/30 and 60/40 Bis-MEPP/t-BCHMA systems are

significantly stronger (P < 0.05) than the 40/60 systems in the wet state. Pair-wise

comparison of the wet and dry states of systems with the same mol.% formulations

Table 3.1 1: Student's t-tests comparing tensile strengths of the various Bis-MEPP/t-

BCHMA formulations in the wet and dry state and the same formulation in its wet and

dry state

Significantly different Not Significantly Different

(P < 0.05) (P > 0.05)

70/30w vs. 40/60w, 60/40d vs. 40/60d, 70/30w vs. 70/30d, 60/40d vs. 50/50d,

70/30d vs. 40/60d, 50/50d vs. 40/60d 70/30w vs. 50/50w, 70/30w vs. 60/40w,

40/60w vs. 40/60d 60/40d vs. 70/30d, 60/40d vs. 40/60w,

60/40w vs. 60/40d, 60/40w vs. 40/60w,

60/40w vs. 50/50w, 50/50w vs. 40/60w,

50/50w vs. 50/50d

indicates that there is not a significant (P > 0.05) difference in fracture toughness between

any of the systems. As mentioned earlier, extraction studies resulted in weight loss in the

Bis-MEPP/t-BCHMA systems and FTIR studies indicated that approximately 10.4 ± 6.1

percent of the vinyl bonds were reacted in the t-BCHMA monomer. The DMS spectra of
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the Bis-MEPP/t-BCHMA systems indicate similar network structure to the Bis-

MEPP/PEMA and Bis-MEPP/CHMA systems, the shoulder on the low temperature side

of the tan 5 peak. The high viscosity and Tg of the systems with low concentrations t-

BCHMA result in early vitrification and a heterogeneous network structure. As

mentioned earlier, additional polymerization and the relief of residual stress of the

samples results in improvement of the fracture toughness and tensile strength. This

mechanism is more prominent in samples with lower concentrations of t-BCHMA. The

water uptake in these samples is also low; therefore, little reduction in properties results

from its presence. In these samples, leaching of unreacted materials during hydration

can also be considered as a mechanism that will improve properties. In the 70/30 and

60/40 Bis-MEPP/t-BCHMA systems the concentrations of unreacted materials are small

and its removal results in improvement in mechanical properties along with the factors

mentioned previously in the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems. In the

50/50 and 40/60 Bis-MEPP/t-BCHMA systems the leaching of unreacted material is

great enough that the beneficial results of removing the material are minimized. As

mentioned earlier, water uptake values are difficult to interpret because of the possible

weight loss during hydration. The large amount of unreacted materials in the 50/50 and

40/60 Bis-MEPP/t-BCHMA systems results in the reduction of their mechanical

properties when compared to the 70/30 and 60/40 Bis-MEPP/t-BCHMA systems as well

as lower average values when the wet state is compared to the dry state.

The tensile strength and fracture toughness properties in the dry state are

significantly lower (P < 0.05) in the Bis-MEPP/t-BCHMA systems than either the Bis-

MEPP/CHMA or the Bis-MEPP/PEMA systems with the exception of the fracture

toughness in 60/40 Bis-MEPP/CHMA and Bis-MEPP/t-BCHMA systems, which was not
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significantly different (P > 0.05). The lack of significance in this system is due to the

large scatter in the Bis-MEPP/CHMA systems and the small number of samples in the

Bis-MEPP/t-BCHMA system. The low toughness and strength values of the Bis-

MEPP/t-BCHMA systems can be attributed to presences of low molar mass materials due

to contaminates as discussed earlier, as well as the high viscosity of the monomer

systems and the high Tg of the polymer. The high viscosities and Tg result in early

vitrification. The cross-link density is also lower in the Bis-MEPP/t-BCHMA systems

than the Bis-MEPP/PEMA or Bis-MEPP/t-BCHMA, as indicated by the height of the tan

8 peaks. Although the factors such as viscosity, Tg, and cross-link density all play a roll

in the properties of the Bis-MEPP/t-BCHMA systems, their true properties are masked by

the presence of contaminants and it is possible the difference in the strength properties is

purely a result of the contaminants. There is a significant difference between the 40/60

Bis-MEPP/CHMA and Bis-MEPP/PEMA systems (P < 0.05). The decrease in fracture

toughness in the Bis-MEPP/CHMA systems is due to its more heterogeneous network

structure. The Tg, as indicated by DMS, of the 40/60 Bis-MEPP/CHMA systems is

higher than that of the Bis-MEPP/PEMA system by 20°C. It is likely that these factors as

well as other differences in microstructures formed during polymerization result in a

more heterogeneous network structure. This is indicated by the larger width of the tan 5

peakofCHMA.

The comparison of the wet state of different systems by formulations shows that

Bis-MEPP/t-BCHMA systems have significantly (P < 0.05) lower tensile strengths than

Bis-MEPP/CHMA and Bis-MEPP/PEMA systems. There is not a significant difference

(P > 0.05) in the tensile strength values in any of the formulations of the Bis-

MEPP/PEMA and Bis-MEPP/CHMA systems. Table 3.11 contains the results of the
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statistical comparison of the fracture toughness values of the different systems in the wet

state. The lack of significant difference in the wet state is partially due to the large scatter

in the fracture toughness values and the small number of samples in some of the sets.

The low fracture toughness in 50/50 and 40/60 Bis-MEPP/t-BCHMA systems can be

attributed to the high viscosity of the monomers systems, Tg of the polymer formed, low

cross-link density, and contaminates as discussed earlier. The presence of low molar

mass materials is confirmed by the high amounts of extractable materials in these

systems. In the 70/30 and 60/40 Bis-MEPP/t-BCHMA systems the leaching of the

unreacted material resulted in some increase in the fracture toughness during the

hydration period. Additional polymerization and the relief of residual stress are factors

Table 3.12: Student's t-tests comparing wet fracture toughness values of the various

formulations in the wet state

Molar Ratio Significantly different Not Significantly Different

(P < 0.05) (P > 0.05)

70/30 PEMA/t-BCHMA, CHMA/t-
BCHMA, CHMA/PEMA

60/40 CHMA/t-BCHMA PEMA/t-BCHMA, CHMA/PEMA
50/50 CHMA/t-BCHMA, PEMA/t-

BCHMA
CHMA/PEMA

40/60 CHMA/t-BCHMA, PEMA/t-

BCHMA
CHMA/PEMA

that may increase the fracture toughness. The similarity in the results of all the Bis-

MEPP/PEMA and Bis-MEPP/CHMA polymers can be attributed to the heterogeneous

network structures. The areas of low cross-link density are dictating the properties in

both systems, which results in little difference in the tensile and fracture properties.

Water uptake is not a factor because it is within the error of measurement for all of the
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systems except the Bis-MEPP/t-BCHMA system, which is lower, but the values are

suspect due to leaching of material during hydration.

Dynamic Mechanical Spectroscopy

Dynamic mechanical spectroscopy was used to determine the glass transition and

P-transition temperatures of the network polymers as well as the change in modulus with

temperature. Modulus information is important because of the range of temperatures

experienced by dental restorations. The area of the tan delta peak is an indication of the

heterogeneity of the networks formed. The width of tan delta peak is a measure of the

distribution of environments seen by the polymer chains. The height of the tan delta peak

is an indication of the average molar mass between cross-links. Table 3.13 contains a

summary of the peaks statistics for the tan 8 peaks of all the dry polymers tested in this

work. The glass transition temperatures are reported as the temperature at which the

maximum in tan 8 occurs. As might be expected when comparing the mol.%

formulations of the different systems, the Bis-MEPP/t-BCHMA systems generally have

the highest glass transition temperatures and the Bis-MEPP/PEMA systems have the

lowest. This can be related to the glass transition of the homopolymers formed by

monomethacrylates. The homopolymer oft-BCHMA has a higher glass transition

temperature due to its stiff bulky structure; therefore, the polymers it forms with Bis-

MEPP have higher glass transitions temperature than the Bis-MEPP/PEMA systems. The

homopolymer PEMA has lower glass transition temperature due to its more flexible

structure; hence, the polymers formed with Bis-MEPP have lower glass transition

temperature than either the Bis-MEPP/PEMA or the Bis-MEPP/CHMA polymers.

Similar arguments can be made for the Bis-MEPP/CHMA polymers. The glass transition
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temperature of the Bis-MEPP/t-BCHMA polymers might also be slightly low due to the

contamination discussed earlier. This would account for the similarity in the glass

transition temperatures of the 40/60 systems in the Bis-MEPP/CHMA and Bis-MEPP/t-

BCHMA systems. The glass transition temperatures of the Bis-MEPP/EDGMA-type

polymers are higher than all of the Bis-MEPP/t-BCHMA, Bis-MEPP/CHMA, and Bis-

MEPP/PEMA systems because of their low molar mass between cross-links as indicated

by the tan 5 max values, which are half the magnitude of the highest cross-link density

monomethacrylate systems. The maximums in tan 8 increase with increasing

concentration of monomethacrylate. The values for the same mol.% formulation are

similar in the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems. The values for the Bis-

MEPP/t-BCHMA systems are generally higher. This may be due to the larger viscosity

and glass transition temperatures of the Bis-MEPP/t-BCHMA systems, resulting in early

vitrification. The early vitrification would limit the amount of cross-links and result in

larger max tan 5 values. The contamination in the Bis-MEPP/t-BCHMA systems also

results in a reduction in the cross-link density of the systems. The full width at halfmax

(FWHM), which is an indicator the heterogeneity of the network structure, decreases with

increasing concentration of monomethacrylates. The FWHM was not reported for the

Bis-MEPP/EDGMA systems because the main relaxation is not resolved enough from the

P-relaxation to measure the values. The width of the peaks appears to be much broader

than the monomethacrylate systems. The FWHM values of the Bis-MEPP/PEMA

systems are generally the lowest as might be expected due to the low glass transition

temperature and similar viscosities to the systems with the same mol.% formulations.

The FWHM values of the Bis-MEPP/t-BCHMA polymers are larger than the

corresponding Bis-MEPP/PEMA systems, which is expected based on the glass transition
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temperatures and viscosities of the Bis-MEPP/t-BCHMA systems; however, the FHHM

values are lower than the Bis-MEPP/CHMA systems. The FWHM values of the Bis-

MEPP/CHMA system would be expected to be larger than the Bis-MEPP/PEMA

systems, based on the fact the Bis-MEPP/CHMA systems form high Tg polymers at

similar formulations. Based on the same argument it might be expected that the FWHM

values of the Bis-MEPP/CHMA systems would be smaller than the corresponding Bis-

MEPP/t-BCHMA systems, but they are not. The FWHM for the Bis-MEPP/CHMA

polymers is exceptionally large and are likely a result of the specific details of network

formation that will be discussed in-depth later in this work.

As might be expected, the glass transition, as indicated by the maximum in the tan

8, decreases with increasing amounts ofPEMA in the Bis-MEPP/PEMA polymers

(Figure 3.1 1). There is a corresponding decrease in the rubbery modulus values and

increase in the magnitude of the tan 5 peak with increasing concentrations ofPEMA,

both of which correspond to a decrease in cross-link density. This is expected due to the

reduction in the average functionality of the system and thus the cross-link density, as

larger amounts ofPEMA are added. There is a notable shoulder on the lower

temperature side of the tan 8 peak. The shoulder is most prominent in the samples with

lower concentrations of the PEMA. The elastic moduli (E') decrease concurrently with

the shoulders. These shoulders have been attributed to a P-relaxation in dimethacrylate

polymers.

As mentioned earlier P-relaxations in dimethacrylates have been attributed to a

number of different physical phenomena. Some have attributed P-relaxations in

dimethacrylates to unreacted pendant groups [26]. p-relaxations in methacrylates have
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Table 3.13: Statistics on tan 8 plots and glass transition activations energies for polymers

in the dry state at 1 Hertz

System FWHM (°C) Tan 8 Max
Glass Transition

Temperature (°C)

Bis-MEPP/

PEMA
70/30 63 0.29 139

60/40 51 0.34 127

50/50 44 0.39 123

40/60 38 0.47 114

Bis-MEPP/

CHMA
70/30 86 0.28 136

60/40 71 0.31 142

50/50 67 0.37 138

40/60 62 0.41 134

Bis-MEPP/

t-BCHMA
70/30 65 0.33 149

60/40 55 0.38 148

50/50 54 0.45 142

40/60 51 0.53 135

Bis-MEPP/

TEDGMA N/A 0.16 172

Bis-MEPP/

EDGMA(400)
Bis-MEPP/

EDGMA(600)
Bis-MEPP/

EDGMA(IOOO)

N/A

N/A

N/A

0.14

0.14

0.12

170

167

170

been associated with pendant groups; however, p-relaxations in methacrylates are

sensitive to frequency[96]. As mentioned earlier, p-relaxations in this work and in other

work on [93] dimethacrylates are not sensitive to frequency. p-Relaxations in the

ethylene glycol dimethacrylate-type polymers have been attributed to the beginnings of

vitrification [24, 95] and larger scale cooperative motions and localized oxyethylene

chain motions coupled to the acrylate chain, the precursors of larger scale cooperative

motions responsible for glass transitions. P-relaxations occur in glassy ethylene glycol
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dimethacrylates in the range of 20 to 30°C[30]. The P-relaxations studied in this work

occur at approximately 80°C and the polymers do not have a true oxyethylene structure.

The presence of the bis-phenol-A group may stiffen the oxyethylene chain and result in

the p-relaxation occurring at a higher temperature. Clarke has also reported similar

transitions in Bis-GMA-type polymers [93]. The a and p relaxations in the study by

Clarke follow the same trends with frequency as those in this study. The only difference

is the relaxations in Clarke's study occur at higher temperatures. The difference is due to

variation in the sample preparation methods. The samples in the study by Clarke were

heat-cured at 80°C for 3 hours. The samples in this study were prepared by light-initiated

cure at room temperature. Clarke argued that these peaks could not be regarded as a

relaxation process because they are independent of frequency. The mechanism proposed

of cooperative motion and the beginnings of vitrification proposed earlier may account

for the p-relaxations' insensitivity to frequency. Wilson has identified P-relaxations in

triethylene glycol dimethacrylate in various stages of cure by y-radiation [94]. The

reactions were detected at approximately 40°C and were accompanied by a decrease in

sample length. The decrease in sample length was attributed to additional

polymerization. The relaxations were attributed to partially vitrified materials that are an

artifact of the curing temperature. Studies in which tetra ethylene glycol dimethacrylates

were cured initially at 55°C and then post cured at 155°C have reported p-relaxations in

the range of 20 to 30°C. This suggests that the p-relaxation is not entirely an artifact of

the polymerization temperature. The onset of the P-relaxation occurs at virtually the

same temperature in the Bis-MEPP/t-BCHMA, Bis-MEPP/PEMA, and Bis-

MEPP/CHMA systems in this work. It is likely that the Bis-MEPP/t-BCHMA, Bis-
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MEPP/PEMA, and Bis-MEPP/CHMA samples achieve similar temperatures during their

cure cycle. This suggests that the p-relaxations observed in this work are related to the

temperature obtained during the cure cycle of these polymers. Several other factors also

suggest that these relaxations are related to partially vitrified materials: 1) the apparent

insensitivity of the p-relaxation to the concentration of monomethacrylate, i.e., the lack of

resolution when the temperature at which the a-transition is decreased by the addition of

monomer. This suggests that as the Tg of the polymers is brought down near the

temperature of the P-relaxation that the mechanism for the transition is same and 2) the

dramatic change in the P-relaxation in the post cured samples (Figure 3.24) shows that in

these systems this relaxation is in large part due to a loose defective structure that is an

artifact of the cure. The small shoulder left after the post cure indicates there is a

relaxation present that can be attributed to P-relaxations common to the methacrylate

family.

The tan 8 peaks indicate that the location of the glass transition shifts with

frequency in the dry 70/30 mol.% Bis-MEPP/PEMA systems (Figure 3.12); however, the

temperature that the P-relaxations occur at is not sensitive to frequency within the error of

measurement. The magnitude of the P-relaxation decreases with increasing frequency,

while the magnitude of the ot-relaxation increases with increasing frequency. This may

be due to the coupling of the P-relaxation with the a-relaxation. Examination of the E"

spectra confirm that the P-relaxation is not sensitive to frequency.

The glass transition temperature, as indicated by the maximum in the tan 8 peak,

is lower in the wet systems compared to their dry analogs (Figure 3.13). The hydration of

the polymers result in a merging of the a and P relaxations (Figure 3.13). As discussed
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earlier hydration and aging have been shown to increase conversion in dimethacrylates.

Polymerization has also been shown to continue in the vitreous state. If the P-relaxation

is associated with the beginnings of vitrification and hydration and aging result in

additional polymerization then the temperature at which the P-relaxation occurs would

increase during hydration. The main relaxation (a) is associated with a more fully

vitrified state that additional polymerization is unlikely to occur in during hydration;

hence, hydration results in a decrease in the temperature of the main relaxations due to

plasticization. These changes result in the merger of the relaxation in the tan 8 plots.

Many of the same features of the Bis-MEPP/PEMA systems are seen in the E'

and tan 5 plots of the Bis-MEPP/CHMA polymers (Figure 3.14). One notable difference

is in the 70/30 systems. The glass transition as indicated by the maximum in the tan 5

peak is at a lower temperature than the 60/40 resin systems. This is due to the large

amount of pendant groups and low cross-link density material plasticizing this system.

This phenomenon is not present in the 70/30 Bis-MEPP/PEMA systems because of the

larger weight percent ofPEMA at the 70/30 molar ratio. The Tg of 70/30 Bis-

MEPP/PEMA polymer is 139°C while the Tg of the 70/30 Bis-MEPP/CHMA is 136°C.

The P-relaxations of the Bis-MEPP/CHMA polymers are much less pronounced than

those of the Bis-MEPP/PEMA polymers. As discussed earlier the onset of the relaxation

begins at the same temperature in both systems but the Bis-MEPP/PEMA systems have a

slight plateau region. The magnitude of the tan 5 curves in the Bis-MEPP/CHMA

polymers increase in a more continuous manner. The main relaxation blends more with

the p-relaxation in Bis-MEPP/CHMA. This less resolved shoulder is largely due to the
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broader width of the main relaxation peak. The onset of the a-relaxation occurs at a

lower temperature in the Bis-MEPP/CHMA polymers than the Bis-MEPP/PEMA

polymers. The halfmax widths of the Bis-MEPP/CHMA systems are generally wider

than those of the Bis-MEPP/t-BCHMA and Bis-MEPP/CHMA systems. Differences in

the glass transitions, monomer viscosity, and the specifics of network formation may

account for the broadening. A more in-depth discussion of the peaks widths will be given

later in this work. There is also a sub-Tg relaxation or y-relaxation present at

approximately -80°C in the Bis-MEPP/CHMA polymers. This relaxation has been

assigned to chair-to-chair configuration changes in the cyclohexane group in poly

(cyclohexyl methacrylate) [109]. The increase in the magnitude of the relaxation with

increasing concentration ofCHMA corroborates this hypothesis. The sub-Tg relaxation

is also seen in the E" plots shown in Figure 3.16. As seen with the Bis-MEPP/PEMA

systems, the P-relaxations are not affected by frequency (Figure 3.16). The E" plots

confirm that the temperature at which the (3-relaxations occur is not sensitive to

frequency. It is also interesting to note that the maximums in the E" plots occur at the

temperature of the P-relaxations. The merging of the shoulder associated with the (3-

relaxation and the main peak can be attributed to the insensitivity of the P-relaxation to

frequency compared to the a transition.

The trends of the DMS spectra of the wet Bis-MEPP/CHMA polymers (Figure

3.15) are similar to those of the dry Bis-MEPP/CHMA resins. The glass transition

temperatures decrease with increasing amounts ofCHMA. The glass transition

temperatures are lower than those of the corresponding dry resins. The P-relaxations in

both the Bis-MEPP/CHMA and Bis-MEPP/PEMA are not as prominent in the wet
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systems as they are in the dry systems. Again the merging of the shoulder with the main

peak can be attributed to the same phenomena that cause the merger of the shoulder and

the main peak in the Bis-MEPP/PEMA systems. The sub-Tg relaxation is still present in

wet Bis-MEPP/CHMA polymers.

The dry Bis-MEPP/t-BCHMA spectra display the same general trends as both the

Bis-MEPP/CHMA and the Bis-MEPP/t-BCHMA systems (Figure 3.17). The

temperature at which the glass transition occurs decreases with increasing concentration

of the t-BCHMA and the magnitude of the maximum associated with the glass transitions

increases. The increase in the magnitude is attributed to a decrease in the cross-link

density or a larger molar mass between cross-links. The beginnings of the rubbery

plateau region of the E' also indicate an increase in the molar mass between cross-links

with increasing amounts oft-BCHMA. The tan 8 plots have a shoulder on the low

temperature side of the main peaks that is more prominent in the formulations with low

concentrations oft-BCHMA. The shoulder is associated with a P-relaxation that can be

attributed to the same network structures that caused the relaxations in the Bis-

MEPP/PEMA and Bis-MEPP/CHMA polymers. There is also very little change in the

Tg values of the 70/30 and 60/40 formulations. The small amount of change is due to

pendant groups and contaminants plasticizing the systems. As seen with the Bis-

MEPP/PEMA and Bis-MEPP/CHMA systems, the storage moduli (E') decrease

correspondingly with the shoulders in the tan 5 peaks. Hydration of the Bis-MEPP/t-

BCHMA (Figure 3.18) systems results in the same phenomena in the tan 6 peaks seen in

the Bis-MEPP/PEMA and Bis-MEPP/CHMA systems, which can be attributed to
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additional polymerization associated with aging and hydration as well as plasticization of

the structures associated with the main relaxations. Examination of the different

frequencies of the DMS (not shown) plots showed behavior similar to the Bis-

MEPP/CHMA and Bis-MEPP/PEMA systems.

The DMS of the Bis-MEPP/EDGMA type systems in the dry state (Figure 3.19)

shows Show many of the same features seen in the monomethacrylate systems: the main

peaks, the shoulder and the decrease in storage modulus corresponding with the shoulder

in the tan 8 peak. One notable difference is the relative size of the shoulders associated

with the P-relaxations. The shoulder appears large when compared to the magnitude of

the main peak; however its magnitude is similar to the shoulders in the other systems.

The small magnitude of the main peak makes the shoulder appear larger. There is also a

broad relaxation present at approximately -100°C. Relaxations in this temperature range

have been attributed to the presence of moisture in the polymer (-90°C) and localized

motions in the oxy-ethylene chains (-130°C) [95]. The relaxation is broad and covers the

temperature range from -140 to -80°C in the dry state. The relaxation appears more

prominent in the wet state, indicating that it may in fact be due to moisture. Other work

on dehydrated Bis-MEPP/TEGDMA resins also show a broad low temperature relaxation

[99] that occur in the same temperature range as those seen in the dry. It is likely that

both relaxations due to moisture and oxy-ethylene chain mobility are occurring but

cannot be resolved. There is also a slow increase in magnitude of the tan 5 from

approximately -50°C to the onset of the P-relaxation. It is difficult to attribute increase

to one physical phenomenon. It is an indication of the overall heterogeneity of the
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systems formed and distribution of mobility in the network. The height of the tan 6

decreases from the TEGDMA to the EG(1000) series. This is due to the smaller N

average molar mass between cross-links associated with the increasing range of molar

mass units in the diluent mixture. Similar behavior to the monomethacrylate systems is

seen in the wet state of the Bis-MEPP/EDGMA-systems (Figure 3.20). The main

relaxation decreases in temperature and the P-relaxation increases in temperature. The p-

relaxation is more resolved in these systems than the monomethacrylate systems because

the main relaxation occurs at a higher temperature. The multifrequency (not shown) plots

also show similar behavior to the monomethacrylate systems.

Bis-MEPP/CHMA, Bis-MEPP/t-BCHMA, and Bis-MEPP/PEMA polymers were

formulated to the same glass transition temperature to isolate the effect of the viscosity of

the monomer systems (Figure 3.21). It is difficult to draw conclusions about the effect of

monomer viscosity on heterogeneity when comparing systems that have different glass

transition temperatures because vitrification is related to the Tg of the polymer system

forming. A polymer system with a high Tg is likely to vitrify sooner than one with a low

Tg. The viscosities were 1710 ± 20, 460 ± 10, and 600+10 cp for the Bis-

MEPP/PEMA, Bis-MEPP/CHMA, and Bis-MEPP/t-BCHMA systems, respectively. The

widths of the tan 5 peaks at halfmax were 59, 62, and 51°C for the Bis-MEPP/PEMA,

Bis-MEPP/CHMA and Bis-MEPP/t-BCHMA systems, respectively. There appears to be

no correlation between the viscosity of the monomer systems and the width of the tan 8

peaks. The Bis-MEPP/CHMA system has the lowest viscosity of the formulated

polymers yet it has the largest peaks width. The width of the Bis-MEPP/t-BCHMA
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system is narrower than the Bis-MEPP/PEMA systems. This is more in line with the

expectation that a lower monomer viscosity and a larger molar mass between cross-links

will result in a more homogeneous structure; hence, a narrow peak width. The origins of

the large peak widths in the Bis-MEPP/CHMA system may be due to such factors as

isomers of the CHMA, which are in turn due to its synthesis and specific structural

sequences that form during polymerization, i.e., alternating type copolymers, linear

segments composed ofCHMA units, tacticity, etc. All of these structures are not

detectable using any of the techniques in this work so their possible existence and affect

on the DMS plots can only be speculated. The possibility of different isomers forming

during the synthesis of these systems cannot be discounted; however, their effect would

be expected to be pervasive in the all of the systems. Although the specific synthetic

techniques of the CHMA and t-BCHMA monomers are not known, the techniques might

be similar. Based on this similarity we might expect a similar response of the tan 5

curves if the isomers were the cause of the broad line widths. Differences in tacticity

might also result in a broader tan 8 peak. Again, we might expect similar results in the

Bis-MEPP/t-BCHMA and Bis-MEPP/CHMA due to the similar structure; however, the

effect of tacticity cannot be ruled out. Dielectric relaxation studies on polymers

composed ofTEGDMA and methyl acrylate suggest that linear segments of methyl

acrylate are formed in the network structure [24]. Similarly, CHMA might form linear

segments. CHMA is the smallest of the three monomers and may have the highest

mobility, allowing it to diffuse through the partially reacted network and form linear

chains of poly (CHMA). The PEMA and t-BCHMA monomers are larger than CHMA

and may have more restricted diffusion through the partially reacted network, thus

resulting in smaller regions of linear polymer. The lower viscosity of the Bis-
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MEPP/CHMA systems when equal masses of the monomethacrylate diluent are

compared suggests that CHMA has a higher mobility than PEMA or t-BCHMA;

however, no specific data about the relative diffusivity of the these monomers in Bis-

MEPP systems is available so these claims cannot be substantiated. Although no claims

can be made that clearly explain the unexpectedly wide tan 8 peaks width seen in the Bis-

MEPP/CHMA systems, the formation of linear segments of poly (CHMA) seems to be

the most plausible.

Master curves were made for the Bis-MEPP/PEMA and Bis-MEPP/CHMA

systems (Figure 3.22) to obtain additional information about the network structure of

these polymers (Table 3.14). The modulus of the Bis-MEPP/CHMA system decreases to

smaller values at lower frequencies compared to the Bis-MEPP/PEMA systems. This is

due to the lower cross-link density of the Bis-MEPP/CHMA system compared to the Bis-

MEPP/PEMA system. The shift factors (Figure 3.23) of the Bis-MEPP/PEMA and Bis-

MEPP/CHMA systems are similar in the range of the reference temperature (Table 3.14).

The shift factors deviate at temperatures higher and lower than the reference temperature.

At 60°C above the reference temperature the shift factors of the Bis-MEPP/CHMA and

Bis-MEPP/PEMA systems differ by less than 1, while at 60°C below the temperature the

factors differ by almost 5. The CI and C2 parameters of the WLF equation listed below

can be related to the fractional free volume at Tg (fg) and the

-Q(r-r)
log a

t
=

C2 +T-Tg
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thermal coefficient of expansion of the fraction free volume above Tg (a/). Ci is

identified with B/2.303/^, and C2 is identified withy^/a/[l 10]. The values for Ci only

vary slightly because the free volume of different polymers in the glassy state does not

vary greatly. The smaller Ci value ofBis-MEPP/PEMA indicates that it has a greater

free volume at Tg. The larger C2 value of the Bis-MEPP/PEMA system indicates that it

has a smaller coefficient of thermal expansion. This smaller coefficient is due to its

higher cross-link density. The master curves, tan 8, and shift factor plots give insight into

the network structure beyond a simple measurement of the glass transition temperature.

These results indicate that it is possible to formulate systems that have the same glass-

transition temperature with different monomer systems. How the systems behave over a

range of temperatures and frequencies is not purely a function of the glass transitions

temperature. The details of the network formation such as cross-link density, specific

chemical structures, and the distribution of mobilities in different phases dictate the

response of the materials over a range of temperature and frequency.

Table 3.14: WLF parameters used to obtain the master curve fits for the Bis-

MEPP/PEMA and Bis-MEPP/CHMA systems formulated to a glass transition

temperature of 135°C

Polymer Ci C2 Reference temperature Glass transition

(Tr) temperature (Tg)

Bis-MEPP/CHMA 30 175 60 80
Bis-MEPP/PEMA 22 125 60 80
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Comparison of Alternate Comonomer Systems by Weight to Triethylene Glycol

Dimethacrylate

Triethylene glycol dimethacrylate is considered a baseline or standard of

comparison for comonomers in Bis-GMA type systems. This section will compare the

mechanical properties of the monomethacrylate and multicomponent ethylene glycol

dimethacrylate-based comonomer systems that were formulated at the weight percent

ratio of approximately 65/35 Bis-MEPP/comonomer. The Bis-MEPP/EGDMA-type

systems will be compared to themselves and the monofunctional monomers will be

compared to TEGDMA in the wet state and the dry state.

Flexure Testing

There is not a significant difference between any of the systems based on

EGDMA-type comonomer systems (P > 0.05) (Figure 3.25) except the EG(600) and

EG(1000) systems in the wet state. This is due to the similarity in structure of all these

monomer systems. It was originally hoped that formulating multicomponent diluent

systems based on ethylene glycol units with a range of molar mass would lower viscosity

more effectively than a TEGDMA system. The viscosity values were similar in all the

multicomponent systems (Figure 3.6); hence, the properties of these systems are

generally similar. There is a slight increase in cross-link densities within the increase in

molar mass dispersity as indicated by DMS presented earlier in this work; however, the

differences were not great enough to result in significant changes in mechanical

properties. Similarly, the lack of difference between the wet and dry modulus can be

attributed to the effects of aging in water. As mentioned earlier, aging samples in water

has been shown to have little effect on, increase, or decrease modulus depending on the

hydrophilicity of the systems in question and the hydration conditions [21, 41, 106]. The
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competing mechanisms of additional polymerization and plasticization by water dictate

the properties of the wet samples. In the case of the EGDMA-modified resins, the

quantity of water absorbed is not great enough to cause a reduction in the average

modulus through plasticization (P > 0.05). In the more hydrophobic monofunctional

resins the plasticization caused by the water is not great enough to reduce the modulus of

the materials and generally there is an increase in the average modulus. This theory is

supported by the larger amount of water absorbed by the Bis-MEPP/EDGMA-type

systems.

There is not a significant difference between the Bis-MEPP/TEGDMA system

and any of the monomethacrylates in the dry state (P > 0.05) except the Bis-MEPP/t-

BCHMA system, which has a significantly lower (P < 0.05) modulus than all the other

systems. The similarity in the modulus is surprising when the difference in cross-link

densities is considered. The tan 8 peaks are extremely broad in the Bis-MEPP/TEGDMA

systems and the presence of the (3-relaxations indicate a very heterogeneous network

structure. The onset of the P-relaxation is at a lower temperature in the Bis-

MEPP/TEGDMA systems than the monomethacrylate systems. As discussed earlier, the

defective regions of the network and the incomplete cure of these systems, which is

indicated by the shoulder in the tan 8 peaks, mediate the modulus values and result in

little difference in modulus values despite larger differences in cross-link density.

In the wet state the Bis-MEPP/CHMA system have significantly (P < 0.05) larger

modulus values than Bis-MEPP/TEDGMA system. The modulus Bis-MEPP/t-BCHMA

system is significantly (P < 0.05) lower than the other systems. The Bis-MEPP/PEMA

and Bis-MEPP/CHMA systems are not significantly different (P > 0.05). The

phenomena of plasticization by water and additional polymerization are responsible for
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the higher modulus seen in the wet state of the Bis-MEPP/CHMA system. The

difference seems to be in the amount of water absorbed by the Bis-MEPP/TEDGMA

systems. The additional amount of water results in the reduction of modulus compared to

the monomethacrylate systems, which absorbed less water. The low modulus values of

the Bis-MEPP/t-BCHMA systems are due to the contamination present and may also be

related to water uptake. It is difficult to make any conclusion about the properties of

water uptake of the Bis-MEPP/t-BCHMA systems due to the possible leaching of

material.

Tensile Strength and Fracture Toughness

The tensile strength (Figure 3.24) and fracture toughness (Figure 3.25) will be

discussed simultaneously in this section. As might be expected from the flexure results,

there is no difference (P > 0.05) in the fracture toughness or tensile strength for any of the

Bis-MEPP/EDGMA-type systems in the wet or dry states. As discussed in the flexure

testing results section, the differences in network structure are not great enough to result

in changes in the mechanical properties. There is no significant difference (P > 0.05) in

the dry tensile strength of the Bis-MEPP/t-BCHMA, Bis-MEPP/CHMA, and Bis-

MEPP/TEDGMA polymers. The Bis-MEPP/t-BCHMA system has significantly lower

tensile strength (P < 0.05) than all the other systems. The dry fracture toughness values

of the Bis-MEPP/CHMA and Bis- MEPP/PEMA systems are significantly (P < 0.05)

greater than the Bis-MEPP/t-BCHMA and Bis-MEPP/TEGDMA systems. There is no

significant difference (P > 0.05) in the fracture toughness values of the Bis-MEPP/t-

BCHMA and Bis-MEPP/TEDGMA systems. The differences in the tensile strength and

the fracture toughness results can be attributed to the greater variability of the tensile
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Figure 3.25: Flexure modulus values ofwet and dry 65/35 weight percent Bis-

MEPP/TEGDMA, Bis-MEPP/EGDMA multicomponent type, Bis-MEPP/CHMA, Bis-

MEPP/PEMA, and Bis-MEPP/t-BCHMA polymers at 37°C. The legend represents the

monomers used to dilute the Bis-MEPP monomer
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strength due to its flaw sensitivity. The higher fracture toughness values of the Bis-

MEPP/CHMA and Bis-MEPP/PEMA is surprising, considering the lower cross-link

density of these systems compared to the Bis-MEPP/TEGDMA systems. It has been

suggested that strength values in cross-linked acrylate polymers are dictated by the loose

defective phase or a low cross-link density phase [34]. The decrease in fracture

toughness of the Bis-MEPP/TEDGMA despite its high cross-link density suggests that

the fracture properties are being dictated by the low cross-link density phase. The DMS

spectra presented earlier in this work suggests that the Bis-MEPP/TEDGMA system is

more heterogeneous than the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems. This

heterogeneity can be associated with a more defective network structure; hence, lower

strength. Similar arguments were made for the increased compressive strength when n-

butyl methacrylate was added to tertramethacrylate-(bis-trimethylolpropane)-adipate

systems[34].

There is no difference in tensile strength (P > 0.05) in the wet state of the Bis-

MEPP/CHMA, Bis-MEPP/PEMA, and Bis-MEPP/TEDGMA. The Bis-MEPP/t-

BCHMA system is significantly weaker than the other wet systems. The Bis-

MEPP/CHMA and Bis-MEPP/PEMA systems have higher (P < 0.05) fracture toughness

values than the Bis-MEPP/t-BCHMA and Bis-MEPP/TEDGMA. The Bis-MEPP/t-

BCHMA and Bis-MEPP/TEDGMA systems do not have significantly different (P >

0.05) fracture toughness values. The same claims for the higher fracture toughness

values of the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems in the dry state can be

made for the wet state. The lower fracture toughness of the Bis-MEPP/t-BCHMA system

is likely due to the network defects associated with the contamination present in the
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Figure 3.27: Fracture toughness values ofwet and dry 65/35 weight percent Bis-

MEPP/TEGDMA, Bis-MEPP/EGDMA multicomponent type, Bis-MEPP/CHMA, Bis-

MEPP /PEMA, and Bis-MEPP/t-BCHMA polymers at 37°C. The legend represents the

monomers used to dilute the Bis-MEPP monomer
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t-BCHMA monomer. The fracture toughness of the pure system might be greater than

the TEGDMA system, but it is unlikely that it would be much greater than the Bis-

MEPP/PEMA and Bis-MEPP/CHMA systems due, to the high glass transition of the

polymers it forms and the high viscosities of its monomers systems. The lack of

difference in the fracture toughness ofBis-MEPP/CHMA and Bis-MEPP/PEMA, despite

their difference cross-link density, suggests that there may be some threshold of cross-

link density above which fracture toughness properties begin to degrade. The specifics of

network structure such as cyclization, pendant groups, and inactive chain ends may also

play a roll in dictating fracture properties.

Conclusions and Future Work

This work shows that monomethacrylates have potential as alternate comonomer

systems for Bis-MEPP or Bis-GMA-type resin systems. PEMA and CHMA reduce

viscosity more effectively than TEGDMA and yield polymers with lower quantities of

remaining double bonds and less shrinkage. The lower viscosities will allow higher filler

loadings; hence, composites with better properties. The higher fracture toughness values

are also encouraging. The modulus values of these polymers are also comparable with

those ofBis-MEPP/TEDGMA systems. The low water uptake of these systems is

beneficial and may help reduce plasticization effects during long-term exposure to

moisture. The low shrinkage values ofBis-MEPP/t-BCHMA systems are attractive;

however, we cannot draw any conclusion about the mechanical properties due to the

presence of contaminant. The higher viscosities of the Bis-MEPP/t-BCHMA monomer

systems suggest they may not be effective as a viscosity modifying monomers. Again, it

is difficult to say what the properties of the pure monomer would be. The Bis-
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MEPP/CHMA and Bis-MEPP/PEMA systems have larger molar mass between cross-

links than Bis-MEPP/TEDGMA systems. This may make them susceptible to creep in

the oral environment. Long-term studies need to be performed to evaluate the properties

of these systems and how they might change during long periods of time in the oral

environment. Overall, these monomethacrylates are promising as alternate comonomers

for Bis-GMA-type resins.

The addition of the monomethacrylates results in a more homogeneous network

structure, as determined by the width of the tan 8 peaks in DMS plots, compared to Bis-

MEPP/TEGDMA systems. The P-relaxation in these systems is associated with a loose

defective or low cross-link density phase (that is in large part due to the incomplete cure

of these systems) strongly influences the properties of the polymers in this study. It

results in normalization of the modulus values of all the systems in this work. When the

monomethacrylates are compared to themselves there is very little difference in the

strength properties despite differences in the glass transition temperature and cross-link

density. The small amount of difference can also be attributed to low cross-link density

phase of these materials dictating their strength properties. The more homogeneous

network structure of the monomethacrylate-type systems correlates with improved

fracture toughness values when they are compared to Bis-MEPP/TEDGMA systems.

The similarity of the strength properties of the monomethacrylate type systems to

themselves and their improvement over the Bis-MEPP/TEDGMA systems seems to

indicate that there is some threshold of cross-link density above which strength properties

begin to degrade. Studies with different cure cycles would elucidate whether there is an

absolute threshold in dimethacrylates systems or if it is related to the conditions under

which the polymers are formed. It would also be interesting to blend the
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monomethacrylates with themselves as well as with TEGDMA to optimize the favorable

properties of all the systems.

The relationship of the viscosity of the monomer systems to heterogeneity of the

network structure formed is not direct but viscosity is an indicator of the heterogeneity

that might be expected. Other factors such as the glass transition temperature of the

polymer formed, the average functionality of the systems and the details of the network

formation strongly affect the heterogeneity of the polymer formed. It was also shown

that polymer based on different monomer systems can be formulated to the same glass

transition temperature. Although, the polymers have the same glass transition

temperature their properties vary across a range of temperature and frequencies due to

different distribution of mobility and structures and chemical differences in the systems.



CHAPTER 4

CHARACTERIZING THE HETEROGENITY OF DIMETHACRYLATE POLYMERS

Relevant Background

It has been proposed that the weakest regions, those of low cross-link density, in

the polymer determine the strength properties of dimethacrylates [34]. The

heterogeneity of dimethacrylate polymers has been demonstrated experimentally using

such techniques as dielectric spectroscopy [24, 25], dynamic mechanical spectroscopy

[26-28], extraction and swelling experiments [29-31], photochromic [32], charge-

recombination luminescence [33], paramagnetic probes [34], and CP/MAS NMR C 13

spectroscopy [9, 35]. The heterogeneous network structure of dimethacrylates has been

studied extensively but many questions still remain. Much of the structure and

organization detail that occurs during cure still remains inaccessible to direct observation.

The size and distribution of the low and high cross-link density phases, heterogeneity, has

still not been determined. If the regions of low cross-link density are acting as flaws and

failure is initiated in these regions then knowledge of the size of these regions may allow

their correlation with fracture properties. This correlation may ultimately allow the

tailoring ofmonomer selection and cure cycles for enhanced mechanical properties.

The purpose of this work is to combine TappingMode™ AFM (TMAFM) and

Xenon- 129 NMR methods to characterize the heterogeneity of dimethacrylate-type

polymers as it develops during polymerization and in its final state. The heterogeneity of

the fully cured polymers will be characterized using TMAFM with phase imaging

123
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capability. TMAFM uses a sinusoidal frequency imposed on the tip. When the tip

interacts with the sample the frequency that it oscillates at deviates from the imposed

frequency. The phase image is a representation or map of the difference between these

frequencies. Different tip-sample interactions will result in different phase shifts for the

regions of different cross-link density.

The change in the NMR signal can provide information about how the different

phases develop during cure [81].
129Xenon NMR was performed to further characterize

the network structure and its formation. The xenon NMR signal is indicative of its

chemical environment. The size of regions was estimated using Pulsed Field Gradient

(PFG) NMR spectroscopy. The pulsed field gradient method allowed the calculation of

the self-diffusion constant of xenon. With knowledge of the self-diffusion coefficient of

xenon estimates were made of root mean square displacement in three dimensions via the

following equations [86]:

r(i) = j6Dt

Where: "t" is the time over which the self-diffusion constant is measured. The self-

diffusion constants "D" were calculated from the following relationship [90]:

A(G) stands for the echo amplitude in the presence of a field gradient with the strength G,

y is the gyromagnetic ratio of the considered nuclei, A is the time interval between the

application of the field gradients and 8 is the time interval during which the gradient is
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applied. By varying the strength of G, D can be obtained from the slope of the resulting

curve.

Xenon NMR studies were performed on dimethacrylate systems polymerized with

an iniferter initiation system. Iniferter initiator systems were used to gain better control

of the degree of conversion and to eliminate trapped radicals, which are detrimental to

NMR signals. The iniferter initiation system is based on p-xylylene bis (N, N-diethyl

dithiocarbamate) (XDT). Iniferters initiate polymerization when exposed to ultraviolet

light. Unlike conventional initiators, iniferter systems form two types of radicals: a

carbon radical and a sulfur-based dithiocarbamyl (DTC) radical [111]. The carbon

radicals are reactive and capable of initiating polymerization, while the DTC radicals are

less reactive and don't participate significantly in initiating polymerization. When the

curing light is shut off, the DTC initiator fragments remain mobile and are able to

combine with radicals remaining in the system, thus stopping polymerization. This

prevents radical trapping and also halts polymerization in a more controlled fashion than

a typical light-cured system. Another unique feature ofXDT initiated systems is the

ability of the DTC fragments to form "marcoiniferters" [111]. The DTC terminated

polymer chains decay into radicals upon exposure to light and can reinitiate

polymerization. Iniferter based systems are a valuable tool for studying network

formation in dimethacrylate systems; however, the polymerization kinetics ofXDT are

slightly different from those of a conventional photoinitiator. This difference lies in the

absence of the autoacceleration effect. Autoacceleration is due to an increase in the

concentration of radicals because carbon-carbon radical termination becomes limited by

diffusion. As previously mentioned, the DTC radicals remain mobile and thus are able to
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terminate carbon radicals; hence, the concentration of radicals does not increase and

autoaccelaration is not observed. Despite the differences, iniferter initiated systems form

highly cross-linked heterogeneous networks that are analogous to systems polymerized

with standard initiators [27].

Materials and Methods.

The xenon nmr samples were composed of 2,2'-bis-(4 -

methacryloyloxyethoxyphenyl) propane Bis-MEPP monomer. The iniferter initiator

system was 1 .0 weight percent p-xylylene bis (N, N -diethyl dithiocarbamate) (XDT).

The samples were created by placing the Bis-MEPP (XDT) solutions in 13 mm NMR

tubes. The tubes were then placed on a vacuum line and evacuated at a 10" torr.

Freeze-pump-thaw cycles were performed to aid in the removal of trapped air. The

samples were then back-filled with xenon gas. A sufficient amount of gas to create a

xenon pressure of approximately 10 atmospheres was then condensed into the tube using

liquid nitrogen. While the xenon was condensed the tubes were flame sealed. The

samples were then placed in a metal container where the xenon was allowed to sublimate.

The samples were left in storage for 3 days to test the integrity of the flame seal and

allow the xenon gas time to diffuse into the sample. The samples were polymerized in

NMR tubes in the presence of xenon gas by exposing the samples to UV light for 10, 15,

20, and 30 seconds, and 5 minutes. The samples were irradiated with a UVP Model

UVL-56 black ray lamp. The long wavelength on the black lamp is 366 nm.

Atomic force microscopy samples were prepared in two ways: fracturing and

microtoming. Fractured samples were prepared from Bis-MEPP/ triethylene glycol

dimethacrylate (TEGDMA) (60/40 wt%) polymers. The 70/30 Bis-MEPP/PEMA
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samples, prepared as described in Chapter 3, were microtomed with an LKB/Bromma

Ultratome to obtain a smooth surface for imaging. Bis-MEPP/TEGDMA samples were

also microtomed. The post cured 70/30 Bis-MEPP/PEMA sample was prepared by

placing it in an oven at 140°C for two hours immediately after the initial light curing.

Bis-MEPP/TEGDMA samples were soaked in acetone for a period of 36 hours and then

dried under vacuum to etch the sample to elucidate the morphology.

Atomic force microscopy was performed using a Digital Instruments NanoScope

III in the Tapping Mode™. The phase and height image were recorded for each sample

examined. The height images are a representation of the topography of the sample

surface. The phase image is representation of the difference between the free oscillating

frequency of the AFM tip and the phase of the tip as it interacts with the sample. A more

in-depth discussion of sample-tip interactions will be provided in the results and

discussion section. Table 4. 1 is a compilation of the feed back parameters that were used

to perform the scans. The scan sizes were 500 nm and 1000 nm or 1 micron. Plane fitting

and flattening were performed on all images using the Digital Instruments software.

Fourier Transform Infrared spectroscopy (FTIR) was performed after NMR was

run on the samples. The samples were removed from their tubes and FTIR was then used

Table 4. 1 : Feedback parameters for Tapping Mode™ Atomic Force Microscopy

Parameter Range of adjustment

Integral Gain 0.1 -0.6 V
Proportion Gain 0.2 - 1 .2 V
Tuning Set Point 0.4 - 2.0 V
Drive Frequency 300 ± 50KHz
Drive amplitude 1 00 - 700 mV
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to measure the conversion of vinyl bonds. Caution was used to avoid exposure to

ambient light because it could initiate polymerization in the samples. FTIR spectra were

obtained using a Nicolet 20SXB FT-IR spectrometer. A Harrick attenuated total

reflection (ATR) stage was used with a 30° KRS-5 parallelogram crystal. The spectra are

a result of 64 scans with an instrument resolution of 4 cm"
1

. The 5-minute cure sample

was cryo-milled and then made into a KBr pellet. The pellet was measured in

transmission. The quantity of vinyl bonds remaining or the degree of conversion was

estimated using the equation given in Chapter 3.

Xenon NMR was performed using a Bruker Avance 400 Digital NMR

spectrometer equipped with a triple resonance 10 mm high-resolution probe. The

magnetic field strength used was 9.4 T/m. A Bruker imaging gradient stack was used to

apply the field gradients. All spectra are referenced to a xenon thermal standard located

at a frequency of 1 10.7 MHz. All experiments were performed at 25°C.

Standard xenon NMR spectra were collected from the samples prior to the

diffusion measurements to locate the center frequency of the xenon signal in each sample.

The parameters used to collect the spectra are located in Table 4. 2.Pulsed gradient

Table 4.2: Parameters used to collect standard xenon spectra ofBis-MEPP(XDT)
samples

Parameter Value

Sweep Width 26455 Hz
Acquisition Time 0.4533 s

Dwell Time 18.9 ns
Relaxation Delay 40 s

Pulse Length 30 us

Pulse Strength 3.0 dB
Number of FIDs Collected 16
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experiments were performed using stimulated echo and Hahn echo sequences. The pulse

schemes for a standard or Hahn echo pulsed field gradient and stimulated echo pulsed

field gradient sequence are pictured in Figure 4.1. The linearity of the field gradient

strengths was calibrated by measuring the self-diffusion coefficients of water. The

calibration experiments were performed on de-ionized water doped with 5 uM

manganese chloride salt. The Mn salt is paramagnetic and enhances Tl relaxation times

from 5 to ~0.2 seconds. The first experiments were performed using a standard pulsed

gradient sequence with the parameters described in Table 4.3. The experiments were

performed with 64 gradient steps. The measured self-diffusion coefficient for water was

determined to be 2.10 ± 0.05* 10"5 cm2
/s.

Table 4.3: Hahn echo sequence parameters used for water self-diffusion coefficient

measurements

Parameter Values

90° Pulse 29 usee at 3 dB
180° Pulse 29psecat-3dB

5 - Gradient Time 5 msec

G - Gradient Strength 5-900 mT/m
A - Time Between Gradient Pulses 20 msec

The self-diffusion coefficient of water was also measured using the stimulated echo

sequence. The parameters used in the stimulated sequence were the same as the Hahn

sequence with the exception of the absence of 180° pulse. In addition to the gradient

strength range from 5 to 900 mT/m range experiments were also performed in the range

10 to 210 mT/m. The sequences were performed with 16 and 64 gradient steps. The

diffusion values from the 16 step and 64 step experiments performed in 10 to 210mT/m
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Figure 4.1 : Pulse schemes of Hahn echo pulsed field gradient and stimulated echo pulsed

field gradient sequence
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gradient range were 2.18 ± 0.18*10'5 cm2
/s and 2.04±0.13*10"

5 cm2
/s, respectively. The

diffusion values from the 16 step and 64 step experiments performed in 5 to 900mT/m

gradient range were 2.27 ± 0.12*10"5 cm2
/s and 2.15 ± 0.06*10"5 cm2

/s. Values reported

from other pulsed gradient diffusion studies are 2.34 ± 0.08* 10"5 cm2
/s [90]. The same

authors reported a value of 2.23 ± 0.05* 10"5 cm2
/s with steady gradient experiments.

Simpson and Carr reported a value of 2.13 ± 0.15*10" cm /s [ 1 1 2]

.

Measurements were made on the Bis-MEPP(XDT) samples using the stimulated

echo sequence. The parameters used in pulse sequence to measure the self-diffusion

coefficient of xenon in the Bis-MEPP(XDT) systems are located in Table 4.4.

Table 4.4: Parameters used in pulse sequence to measure the self-diffusion coefficient of

xenon in Bis-MEPP(XDT)

Parameter 0,10, 15, and 20

Second cure

30

Second cure

90° Pulse

Delay Time Between Scans

5 - Gradient Time

G - Gradient Strength

A - Time Between Gradient Pulses

Number of Gradient Steps

Number of FIDs Collected

3dB
40 s

5 ms
5-700 mT/m

0.5 s

8

64

3dB
40 s

0.5 ms
5-700 mT/m

1.0 s

6

256

Results and Discussion

Atomic Force Microscopy

Assigning phase and height components to atomic force microscopy (AFM)

images is not a trivial task. The height and phase images depend on experimental

parameters such as the free oscillation amplitude of the tip (A ), the set-point amplitude

(Asp), the tip shape, the cantilever force constant, the compliance of the sample to the tip,

and the frequency of the oscillation [113]. Correlating regions of different phase shifts
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with the corresponding polymeric phases requires knowledge of type of sample-tip

interaction that is occurring during imaging. In fact other experiments are often needed

to correlate the polymeric components with the areas of different phase shift. The types

of interactions that take place are partially controlled by the feedback parameters used to

image the surface. Three regions of tip-sample interaction have been identified based on

the ratio of the set-point amplitude (Asp) to the free oscillation amplitude (A ), rsp =

(Asp/A ). The set-point amplitude is the amplitude that is maintained during scanning by

adjustment of the vertical position of the tip. The free-oscillating amplitude is the

amplitude of the AFM tip oscillation when it is not in contact with the surface. The

regions are as follows: soft tapping (rsp > -0.8), moderate tapping (rsp = ~0.7 - 0.2), and

hard tapping (rsp < ~0.2)[1 14]. Van der Waals and capillary forces govern the soft

tapping regime tip-samples interactions, and negative phase shifts are observed. In the

moderate and hard tapping regime repulsive forces govern tip-sample interactions, and

positive phase shifts are observed. It should be noted that in all regimes the cantilever

experiences both repulsive and attractive forces at various points in its oscillation cycle.

However, the forces discussed above are the dominant forces in that regime. The

magnitude of the free oscillation amplitude also has an effect on the tip-sample

interactions [1 14, 1 15]. At small amplitudes, approximately 15 nm, attractive forces are

dominant at all rsp values. Larger amplitudes, approximately 45nm or greater, repulsive

interactions dominate and positive phase shifts occur. Bar et al. have examined poly

(ethene-co-styrene)/poly (2,6-dimethyl-l,4-phenylene oxide) blends by imaging samples

in the soft, moderate and hard tapping regimes[l 14]. Contrast inversion occurred twice

while the different regimes of tip-sample interaction were examined. In terms of the
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images presented in this work, softer phases can be made to appear dark or light

depending on the parameters selected. In the work by Bar et al. hard phases appear

brighter, a greater positive phase shift, in the moderate tapping regime. Other work has

also shown similar results [115-117]. In the moderate regime, the tip-sample interaction

is dominated by sample stiffness; hence, the harder phases appear brighter. In the hard

tapping regime soft phases appear brighter and hard phases appear darker. In the hard

tapping regime the AFM tip spends a larger portion of its time in contract with the sample

surface. Area effects result when the tip spends a significant portion of its oscillation in

contact with the sample. A softer sample allows more material to come in contact with

the tip of the sample. The larger sample area results in a larger effective stiffness. The

higher stiffness results in increased repulsion forces thus a greater phase shift than the

stiffer materials. Similar results have been demonstrated with poly (ethylene) blends

composed to low and high density regions, and poly (diethyl siloxane) on silicon

substrates [115].

Even with the knowledge of the different regimes of tip-sample interaction

caution must be maintained when making assignments to regions of different contrast.

Each polymer system must be treated individually. The response ofknown polymer

systems in the different regimes of tapping should only be used as a guide for

interpretation of images. As stated previously other experiments are often needed to

correlate the polymeric components with the areas of different phase shifts. Two-studies

on block copolymers illustrate these statements [1 13, 118]. The PMMA phase in a

PMMA-b-PBD-b-PMMA polymer was identified as the component with less phase shift.

This assignment was based on two correlations. First, a correlation was drawn between
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the mass percent of phases and the image analysis. Second, a correlation was drawn

between phase images and the corresponding height images. It was proposed that the

softer domains, which correlate with regions of larger phase shift, appeared higher in the

topography image. The increase in height is a result of softer phase polymer relaxing by

protruding out of the surface of the material. The exact parameters of the tapping were

not provided so the tapping regime that the image was recording in could not be

ascertained. An assignment based on correlations between height and phase images

alone is suspect because height artifacts are possible as a result of tip-sample interactions

with materials of different stiffness [1 14]. In the moderate tapping regime stiff regions of

a sample appear higher than the soft regions because they deform less during the tip-

sample interaction. The feedback mechanism of the TMAFM adjusts the tip to sample

distance so that constant amplitude is maintained. A hard material deforms less and

results in the tip being adjusted higher relative to a soft sample to maintain the set-point

amplitude. Conversely, a softer material allows the tip to indent more; therefore, the tip

must be held at a lower height to maintain the same set-point amplitude. In a study of

butadiene/styrene-co-butadiene rubber blends [1 13], the butadiene phase was identified

as the phase with the greater phase shift. Although the styrene-co-butadiene phase is

stiffer, area effects resulted in a greater phase shift for the butadiene phase. Frequency-

sweep and force-probe measurements were performed to understand the factors affecting

the images. Force-probe experiments indicated that at any given rsp value the indention

depth of the tip is greater in the butadiene phase. The more compliant sample allows a

greater amount of materials to come in contact with the tip. This results in a greater

phase shift. Correlation of indention depth to phase shift showed that at a constant
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indention depth the styrene-co-butadiene phase had the greater phase shift due to its

higher stiffness. Similar results were reported in poly (dimethylsiloxane) samples

formulated with different cross-links densities [119, 120]. Despite the varying moduli

there was not a significant difference in the phase shift for PDMS sample with different

cross-link densities. This similarity was attributed to area effects.

Initially fracture surfaces were imaged to avoid surface and mold effects and to

expose the bulk morphology. The images of the fracture surfaces of 60/40 Bis-

MEPP/TEGDMA (Figures 4.2 and 4.3) indicate that the morphology is on the range of 25

to 150 nm. The light and dark areas represent the low and high cross-link density phases.

Assignment of the regions of different contact will be addressed later in this work. The

tortuous surface of the fractured samples prevented extensive imaging. Microtomed

samples provided a less tortuous surface while still exposing the bulk morphology of the

samples. Images taken of the microtomed surfaces show the same features as those

samples prepared by fracture. The topographic and phase images of a microtomed 70/30

Bis-MEPP/PEMA sample at a 500 nm scale (Figure 4.4) was recorded with a free

oscillating amplitude (A,) of 3.0 V and set-point amplitude of approximately 1.0 V.

These parameters correspond with what has been described previously as moderate

tapping. The same sample at a 1 micron scale (Figure 4.5) was recorded with an A value

of 3.0 V and a set-point values of 0.78 V. These settings fall within the low end of rsp

values that have been defined as moderate tapping. The terms Ao and Asp have been

discussed previously in terms of amplitudes. A and Asp are given in units of voltage by

the AFM software. The voltages reported by the instrument are related to the
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Figure 4.2: Phase and topographic AFM images of a fracture surface of a 60/40 Bis-

MEPP/TEGDMA polymer at 500 nm scale
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amplitude of the tip oscillation; however, the actual amplitude of oscillation depends on

the spring constant of the tip. A separate experiment is necessary to report the magnitude

of the oscillation. The different regions of phase shift (Figure 4.4) represent the high and

low cross-link density phases of the polymer. Examination of phase and topographic

images shows that at a large scale, the height variation from the lower-left hand corner to

the upper-right hand corner, the phase image is independent of the topographic features.

At a smaller scale there is a correlation between the bright features and the local

maximums in the topographic image. There is no sharp change in contrast between the

light and dark regions and there also appears to be some regions with an intermediate

contrast. The lack of sharp contrast change is most likely a result of domains that are

partially located below the sample surface. Similarly, the regions of intermediate contrast

are a result of phases that are located below the exposed surface. The 1000 nm image

(Figure 4.5) has the same features as the 500 nm image (Figure 4.4) except the regions

scale down with the size of the image. The size of the regions seen in the phase images

correlates with the size of polymeric particles that have been isolated early in the cure

cycle of ethylene glycol dimethacrylate[l 1]. The isolated particles had a biomodal size

distribution with mean sizes in the range of 19 to 30 nm and 83 to 134 nm. It was

proposed that larger particle sizes might be a result of the agglomeration of the primary

particles. Strict comparison between the ethylene glycol dimethacrylate system and the

ones examined this work is not possible because of the differences in the monomers

structure and the initiator systems; however, the correlation between sizes of the isolated

particles and the domains sizes seen in the phase images is encouraging. It should also be

noted that it has been suggested that cross-linked polymers formed by chain
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polymerization have areas of low and high cross-link density with sizes on the order of

10 to 50 nm [1 10]. The variation in phase size is notable especially in the 1 micron

images. This variation is expected due to the complex mechanism of formation of these

polymers. As discussed early in this work heterogeneity in dimethacrylate polymers has

it roots early in polymerization with the formation of microgel particles. Briefly,

preferential polymerization around these particles and their eventual agglomeration

results in the region of low and high cross-link density, heterogeneity. The variation in

the domain sizes of the structures is a result ofhow the polymer particles agglomerate

during polymerization.

As discussed previously, assigning regions of different contrast to specific

morphological structures is a complex task and additional knowledge of the system in

question is required to assign regions of different phase contrast to specific morphologies.

To help make the assignments a microtomed sample was immersed in acetone for 36

hours, then removed and dried, and a post cured sample was also prepared. The phase

and topographic images of the sample treated with acetone are contained in Figure 4.6. A

3-D perspective image of the phase image is provided in Figure 4.7 to elucidate

morphology change induced by exposing the sample to acetone. Based on the images of

the light-cured samples an assignment of specific morphological regions to area with

different phase shift is not possible. The first factor considered was the relative amount

of the different phases present. Based on the degree of conversion (-66%) of the 70/30

Bis-MEPP/PEMA, it might be expected that there would be a ratio of approximately 7 to

3 high cross-link density phase to the low cross-link density phase. However, it is not

possible to make this assumption because the relative concentration of double bonds
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within the different phases is not known. Chiu et al. have shown that the isolated

microgels of ethylene glycol dimethacrylate, which is considered to be a region of high

cross-link density, were found to have pedant double bonds [11]. One correlation that

can be drawn from the images in Figures 4.2-4.5 is the relationship between local maxim

in the height image and regions of bright contrast or large phase shifts. It has been

proposed that a softer phase has the ability to relax by protruding out of the surface of a

sample due to its higher mobility [118]. Based on this analysis it is temping to make the

correlation between the regions of high phase shift and the low cross-link density phase.

Two other factors must be considered that impede the assignment of the regions of high

phase contrast to the low cross-link density phase. One, it has been shown that harder

phases appear artificially high in topographic images due to reasons discussed earlier

[1 14]. Two, examination of the images of samples exposed to acetone (Figures 4.6 and

4.7) shows that the regions of high phase shift correlate with higher topographic features.

The exposure of the samples to acetone could result in the removal of the low cross-link

density material or preferential swelling of the low cross-link density phase. Comparison

of a post cured sample to a standard light-cured sample give another point of comparison

to make the assignment. The phase and topographic images of a standard 70/30 Bis-

MEPP/PEMA sample and the post cured 70/30 Bis-MEPP/PEMA (Figures 4.8 and 4.9)

were both taken with the same tip and feedback parameters to minimize artifacts caused

by differences in tip spring constants and imaging in different tapping regimes. The post

cure should reduce the amount of volume of the low cross-linked density phase. The size

of the region that represents that low cross-link density phase will be reduced in the

images. In the images of the post cured sample (Figure 4.9), the lighter region (higher
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phase shift) increases in size and the darker region (lower phase shift) decreases. This

indicates that the brighter regions (higher phase contrast) represent the higher cross-link

density phase. The growth of the bright regions (greater shift phase) upon post curing

coupled with the apparent etching of dark phase (low phase contrast) in the samples

exposed to acetone allows the brighter areas to be assigned to the high cross-link density

phase. The assignment of the brighter regions to the high cross-link density phase

correlates well with other studies, which showed that stiffer regions had a larger phase

shift in the moderate tapping regime[l 14, 116].

It should be noted that there is some difference in appearance between the 70/30

images with a Asp of 0.4 V (Figure 4.8) and the one imaged with a Asp of- 1.0 V (Figure

4.4). The phase image taken at the higher set-point (Figure 4.8) appears to have more

fine features than the image taken at the lower set-point (Figure 4.4). Some of the

difference may be due to local variations in microstructure; however, the image in Figure

4.8 was taken in the hard tapping regime. The stronger sample tip interaction results in

greater exposure of phases that are located beneath the surface of the sample. Phase

inversion, the reversal in contrast between the different phases, has been reported when

samples are imaged in different tapping regimes [1 14], [1 15]; however, phase inversion

does not occur in all systems [113]. There were no signs of phase inversion observed in

the images obtained in this work.

Xenon- 1 29 NMR

The narrow peak of the xenon NMR spectra of the Bis-MEPP(XDT) monomer

(Figure 4.10) is an indication that the xenon samples all the chemical environments in the

monomer at a high frequency. The fast exchange results in a signal that is an average of
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all the environments. It should be noted that a comparison of the relative magnitudes of

the peaks is not possible for Figures 4.10-4.12. One can easily discern that the peak

shifts further downfield as the degree of conversion is increased. The peak width

increases and the intensity decreases with longer cure times. Similar behavior was

reported when xenon NMR was used to follow the cross-linking reaction of poly

(urethane) [81]. As the Bis-MEPP(XDT) system cures and becomes more dense and less

uniform the exchange of xenon between the different environments slows down. The

greater distribution of environments and the smaller

22 3,530,106

274.5 941,252

545.8 298,921

Table 4.5: Xenon NMR spectrum parameters for Bis-MEPP(XDT) at various stages of

cure

Sample Chemical Shift (ppm) Line Width Intensity

(Hz}_ (AU)

Monomer 190.0

30 195.3

5 minutes 198.9

amount of signal averaging result in a broader peak. Similarly, the intensity of the peaks

decreases from 3,530,106 for the monomer to 298,921 for the sample cured for 5

minutes. As the Bis-MEPP cures the high cross-link density phases compose more

volume fraction of the sample and the xenon is expelled from the sample. The smaller

amount of xenon present in the sample results in lower signal intensity.

The sample cured for 5 minutes has attained the maximum degree of conversion

possible by light curing at room temperature. A Bis-MEPP sample cured using the

camphorquinone/di-methyl-p-toluidine initiator described elsewhere in this work attained

roughly the same degree of conversion. Upon removal from the NMR tube the sample
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appeared to be glassy. The xenon spectra of glassy polymers are generally weak and very

broad. The line width of polycarbonate was reported at 500 Hz in a 4.7 tesla magnetic

field strength [77]. The line width ofPMMA was reported at 2000 Hz at 4.7 tesla

magnetic field strength. The full width half maximum line width of the 5-minute cure

sample was 545.76 at 9.4 tesla magnetic field. Assuming a rapid exchange limit is

reached the change in line-width is proportional to the square root of the magnetic field

strength [77]. This approximation estimates the line width of the 5-minute cure sample at

385 Hz in a 4.7 tesla magnetic field. The smaller line width, line shape, and intensity of

the spectrum indicate a portion of the material in this sample is not in a fully vitrified

state and has a pore structure that accommodates more xenon than a fully glassy

structure. The existence of a bimodal distribution of pore structures is corroborated by

the bimodal phase distribution seen in the AFM images presented earlier in this chapter.

The lack of two clearly resolved peaks in the spectra of the samples cured for 30

seconds and 5 minutes is not necessarily an indication of a material consisting of a single

phase. As mentioned earlier the solubility of xenon in the glassy highly cross-linked

phase is small compared to that of the monomer and the low cross-link density phase.

The high density results in the low xenon solubility and a broad weak signal. The

contribution of the highly cross-linked phase to the signal is minor; therefore, the signal

of the highly cross-link phase cannot be easily resolved from that of the low cross-linked

phase. Depending on the rate of the diffusion of xenon in the various phases and the size

of the phases, the single peak might be the result of signal averaging from the different

phases. Similar behavior has been reported in PEO/PMMA blends [87]. PMMA, a

glassy polymer, was referred to as a "hidden exchange partner" because its contribution
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to the signal in the blends was difficult to resolve. As mentioned earlier, PMMA has a

broad weak signal.

If two assumptions are made, an estimation of the volume fraction of the phases

that are present can be made based on the difference in intensity of the monomer

spectrum and the spectrum of the sample cured for 5 minutes. The first assumption is

that the differences in pressures between the xenon samples in negligible and does not

affect the intensity of the signal. The second assumption is that the two phases formed

are a highly cross-linked phase, in which gas solubility is negligible compared to the

monomer phase, and a monomer like phase. The volume fraction of monomer like phase,

calculated using these assumptions, is approximately 8.5 volume percent. A more

accurate description of the monomer phase is one of low cross-link density with higher

mobility than the highly cross-linked phase. The solubility of xenon in this phase is

lower than that of the monomer. This indicates that the volume fraction of the low cross-

link density phase is greater than 8.5 percent.

As might be expected the self-diffusion coefficients of xenon decrease with

increasing conversions (Table 4.6). The diffusion coefficients in the Bis-MEPP(XDT)

samples were not measurable in the 30-second and 5-minute cure samples for reasons

that will be discussed later. 15 urn is the maximum domain size measurable as indicated

by the results in the monomer system. In the system cured for 20 seconds that value has

been reduced to approximately 12 um. This is due to the shorter mean free path in the

monomer like environment due to the formation of high cross-link density phases and the

increased density of the systems. The samples cured 10, 15, and 20 seconds all had gel-

like physical properties upon removal from NMR tubes. The sample cured for 30
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seconds can be described as leathery. The physical properties of the sample cured for 5

minutes appeared to be glassy. The critical conversion for gelation in tetrafunctional

systems predicted with the following equation based on percolation theory is

approximately 33 percent [121]:

c (/-l)

Where: Pc = critical conversion to gelation

/ = average functionality of the system

The sample cured for 30 seconds had a degree of conversion of approximately 26

percent. The ability to make pulsed field gradient measurements ceased and the physical

properties of the sample changed from gel-like to leathery in the 30-second cure samples.

This suggests the gel formation is related to these changes in properties. The similarity of

the values for the systems cured for 10, 15, and 20 seconds may be due to some depth of

cure issues. Initially, there is probably a higher concentration of radicals in the monomer

near the external region of the sample than in the center. After 30 seconds of curing the

radical concentration may be more uniform. This may account for the jump in

conversion between the sample cured for 20 seconds and the sample cured for 30

seconds.

Diffusion coefficients were not measurable in the systems cured for 30 seconds

and 5 minutes. A signal was not observed using the original parameters of the stimulated

echo sequence. A modified sequence as described in the materials and methods section
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Table 4.6: Degree of conversion values, diffusion coefficients, and domain sizes of Bis-

MEPP(XDT) at various stages of cure

Cure Time Degree of Diffusion Domain Size

(Seconds) Conversion Coefficient Measured

(%) (M2
/S) (Mm)

Monomer 7.0 ± 0.53 xlO"
11

15 ±0.6

10 3.3 ±1.7 5.4 ±0.18x10"" 13 ±0.3

15 5.5 ±2.6 5.2 ± 0.16 xlO"
11

13 ±0.2

20 7.6 ±2.4 5.1 ±0.21 xlO"
11

12 ±0.3

30 26 ±3.0 N/A N/A

5 min 54.1 ±3.4 N/A N/A

was used. The time between the pulses and the length of gradient pulses was decreased

to prevent loss of signal due to T2 or spin-spin relaxation. A signal was observed, but no

attenuation occurred within the noise of the spectrum. Similar difficulty was encountered

with the sample cured for 5 minutes. The root of the problem is signal attenuation due to

rapid T2 relaxation. Assuming that only homogeneous signal broadening is occurring,

the T2 relaxation time of a system can be estimated using the following equation [122]:

&&,/„ =4-
1/2 T2

Where 8©i/2 = the spectrum width and half-maximum in hertz.

The T2 relaxations times of the systems cured for 30 seconds and 5 minutes are 7.3 and

3.7 milliseconds, respectively. For comparison, the T2 of the monomer systems is 90

milliseconds. In the second pulse sequence described for the 30-second cure sample

(Table 4.5) the time elapsed between the first nil pulse and the second is nearly 3

milliseconds. During that period a large portion of the signal has been lost for the 30-

second cure sample and nearly all of the signal has been lost for the 5-minute cure
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sample. As mention early, there was no resolvable signal attenuation for 30-second cure

sample. This is due to the short duration of the gradient pulses (0.5 ms). In other studies

where gradient pulses of this duration were used, gradient strengths of nearly an order of

magnitude greater were required to attain measurable signal attenuation [86].

Unfortunately, our gradient strength is already at its maximum; however, this does

suggest that these measurements can be pushed further into the cure cycle with the

appropriate equipment.

Conclusions and Future Work

Tapping Mode™AFM measurements using phase imaging demonstrated that

there are variations in the cross-link density of dimethacrylate-type polymers on the order

of 25-150 nm. The spectrum of Bis-MEPP in its fully cured state corroborates the AFM

results. The spectrum indicates that there are lower cross-link density regions present

with a pore structure that accommodates xenon despite having a macroscopic glassy

appearance. The presence of a structure with a bimodal distribution of cross-link

densities is also indicated by the DMS data presented in Chapter 3. These results all

show that dimethacrylate polymers are heterogeneous materials composed of regions of

low and high cross-link density rather than a continuum-type structure.

Further refinement of the AFM techniques may allow relationships between the

sizes of the different regions and mechanical properties to be established. The local

variation in domain sizes in the images makes it difficult to determine their average size

by casual observation. Image analysis software would be useful to determine the average

size of the domains as well as their volume fractions and to establish relationships

between mechanical properties and domain sizes.
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Pulsed field gradient xenon NMR was used to measure the change in domain

sizes with cure in dimethacrylate systems. Unfortunately, measurements could only be

made at conversions less than 26 percent. Equipment in which stronger field gradients

can be applied would allow the measurement to be pushed further into the cure cycle. In

polymer blends where peaks of the different phases are resolved, changes in the exchange

rate can observed by 2D experiments as well as changes in the ID spectra such as

coalescence of the peaks. If the xenon self-diffusion coefficient of the system is known,

then the exchange rate can be used to calculate domain sizes. This type of analysis is not

possible when one of the phases is acting as a hidden exchange partner. This means that

the alterations in the signal due to different exchange rates are not visible. Schantz and

Veeman have measured domain sized on the order of 50 nm in systems where one phase

is acting as a hidden exchange partner by modeling the one-dimensional spectra of the

system using the exchange rate as a variable. A similar analysis might be applied to

dimethacrylate systems to estimate domain sizes to corroborate those observed by AFM.



CHAPTER 5

EVALUATION OF THE EFFICIENCY OF THE INCORPORATION OF NADIC
METHYL ANHYDRIDE, NORBORNENE BASED COMPOUNDS AND MALEIC

ANHYDRIDE INTO METHACRYLATE-BASED DENTAL RESINS

Relevant Background

Monomers that introduce cyclic groups into the methacrylate backbone of dental

polymers, such as maleic anhydride, methylene lactone, and norbornene-type monomers,

have been studied with mixed results. This chapter will investigate the mechanistic and

structural behavior of nadic methyl anhydride and maleic anhydride polymerized with 2-

phenyl ethyl methacrylate. The properties of methylene lactone monomers, described as

cyclic analogs of methyl methacrylate, lead to their study as coreactants with dental

monomers [123]. Poly (a-methylene-y-butyrolactone) (MBL) (Figure 5.1) has a glass

transition temperature of 195 °C as compared to MMA, which is approximately 105 °C.

MBL is also more polar than MMA and is considered more reactive as determined by

copolymerization studies with MMA. The addition of up to 20 weight percent MBL to

Bis-GMA resins increased the diametral tensile strength of the polymer, which was

conditioned for 24 hours at 37°C in water. The increase in properties is attributed to the

lower viscosity ofMBL as well as the incorporation of the rigid lactone rings into the

methacrylate backbone. FTIR studies revealed that the addition of 30 weight percent

MBL to Bis-GMA resins increased the conversion of vinyl bonds to 71% compared to

32% for pure Bis-GMA. The addition of 10 weight percent MBL to Bis-

GMA/TEGDMA resins increased the conversion of double bonds from 57 to 71

158



159

o

h2<t o
i i

C CH2
//

H2C
Figure 5.1: The structure of a-methylene-y-butyrolactone

Figure 5.2: The structure of nadic methyl anhydride (NMA)(methyl-5-norbornene-2,3

dicarboxylic acid anhydride)

°- o ,P

=CH

Figure 5.3: The structure of maleic anhydride (MA)



160

percent compared to Bis-GMA/TEGDMA systems. A 10 percent increase in strength

values also occurred; however, the increase was not statistically significant at a = 0.05.

The increase in conversion could be a result of the higher reactivity of the MBL. The

lower initial viscosity and average functionality ofMBL containing mixtures are factors

as well. Improved mechanical properties have been reported in Bis-MEPP/TEGDMA

systems in which 10 wt.% nadic methyl anhydride (NMA) was added. Despite its rigid

ring structure, the addition of 20 wt. % nadic methyl anhydride (NMA) to Bis-

MEPP/TEGDMA systems (60/40 weight percent) lowered the glass transition

temperature by 42 °C) (Figure 5.2)[99] compared to the Bis-MEPP/TEGDMA (60/40

weight percent) systems. Similarly, MLB may lower the glass transition temperature of

the systems in which it is incorporated by lowering the cross-link density; although, its

incorporation probably stiffens the methacrylate backbone of the polymer. Maleic

anhydride (MA) (Figure 5.3) incorporated into urethane dimethacrylate/TEGDMA

composites at 30 mol.% lowered the flexure strength and modulus by 49 MPa and 2.0

Gpa, respectively. [64]. The incorporation of maleic anhydride into 2-phenylethyl

methacrylate polymers resulted in higher glass transition temperatures [124]. One might

expect similar results from the MBL and NMA systems as from the MA systems. The

incorporation ofMA into these 2-phenylethyl methacrylates was shown to be inefficient

by FTIR and DSC, indicating a low reactivity ofMA with methacrylates. NMA is also

assumed to be less reactive due to steric considerations. The extractable sol fraction of

Bis-MEPP/TEGDMA/NMA polymers increased with increasing NMA concentration,

which indicates a lower reactivity ofNMA with MEPP/TEGDMA. This could be a result

of the lower functionality ofNMA.
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This work will attempt to understand the findings in nadic methyl anhydride

modified methacrylate systems by determining the efficiency of its incorporation along

with other norbornene-based monomers and maleic anhydride. The model compounds

were based on the monomers 2-phenyethyl methacrylate (PMA), nadic methyl anhydride,

and maleic anhydride. PMA is model compound for aromatic dimethacrylates such as

ethoxylated bis-phenol dimethacyrate and Bis-GMA. PMA forms linear polymers that

are more easily characterized than cross-linked systems. The compounds were

characterized using FTIR, GPC, DSC and 'H NMR. The effect of anhydride feed

concentration on their incorporation into the PMA based polymers was determined. The

incorporation of maleic anhydride and nadic methyl anhydride through a reaction in the

vinyl bond was also confirmed.

Materials and Methods

Model compounds were made by polymerizing various norbornenes with 2-

phenylethyl methacrylate (PMA) (Figure 5.4). The norbornene compounds that were

examined were methyl-5-norbornene-2,3 dicarboxylic acid anhydride or nadic methyl

anhydride (NMA) (Figure 5.2), 5-norbornene-2,3 dicarboxylic acid anhydride (Figure

5.4), 5-norbornene-2-carboxaldehyde (Figure 5.5), and 5-norbornene-2-butane (Figure

5.6). Norbornene monomers were added at 10, 20, 30, and 40 mol.% concentrations to

PMA. Model compounds that contained nadic methyl anhydride and maleic anhydride

(MA) were also formulated (Table 5.1). PMA was vacuum distilled prior to use at 72 °C

under a vacuum (< ImmHg). Maleic anhydride was recrystallized from benzene. The

compounds were polymerized in bulk using 0.4 weight percent AIBN as an initiator. The

monomer/initiator mixtures were purged with dry nitrogen, sealed, and then polymerized
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at 75°C for 4 hours. The polymer was then dissolved in chloroform and precipitated in

methanol. Samples were filtered and then dried under vacuum (28 in Hg) at 40°C.

Table 5.1: 2-phenylethyl methacrylate/nadic methyl anhydride/maleic anhydride

monomer compositions in mol.%

Sample PMA NMA MA
PNM1 70 22.5 7.5

PNM2 70 15 15

PNM3 70 7.5 22.5

The molar masses were determined by GPC using a Waters HPLC system

composed of a Waters 600 Fluid Delivery System, a Waters 717 Auto sampler, a Waters

410 Differential Refractometer, and a Waters 996 Photodiode Array Detector. Four

Phenomenex cross-linked polystyrene columns with pore sizes of 10
5
,10

4
, 500, and 100

A were used in series at a flow rate of 0.4 ml/min. The injection volume was 50 ul of

each sample, which were approximately 0.25 weight percent in HPLC grade THF.

Anionically polymerized polystyrene standards obtained from Polymer Laboratories were

used for calibration. The samples and standards were also randomized.

A Seiko DSC 220C Differential Scanning Calorimeter interfaced with a Seiko

SDM/5600h Rheostation was used to determine the glass transition temperatures of the

model compounds. The temperature of the sample and an inert alumina reference are

monitored with thermocouples. Samples were heated at a rate of 10°C/min. under a

nitrogen purge of 100 ml/min. Samples were scanned from -50°C to 150°C three times.

A baseline thermogram was run with an empty pan and subtracted from the sample

thermograms. Three runs were made on all of the compositions tested.



163

The polymers prepared with nadic methyl and maleic anhydrides were examined

with Fourier Transform InfraRed spectroscopy (FTIR) to determine the concentration of

anhydride in the various polymers. Calibration standards for the anhydride groups were

made from the infrared spectra of the monomer mixtures prior to the addition of catalysts.

Peaks at 1781 cm"
1

and 1853 cm"
1

due to the asymmetric and symmetric carbonyl

stretches identify the anhydride functionality. The aromatic double bonds at 1608 cm"

were used to identify the 2-phenylethyl methacrylate. Peak fitting software was used to

deconvolute and measure the areas of these peaks (PeakFit v4 by SPSS Inc.).

The specific site ofNMA incorporation into the polymer was investigated with H

Nuclear Magnetic Resonance Spectroscopy (NMR) of the model compounds to

determine if the norbornenes incorporated via reaction through the double bond. The

NMR spectroscopy was performed on a Gemini 300 NMR system composed of a 7 Tesla

Oxford magnet and 5mm Varian broadband probe. The spectra were referenced to

tetramethylsilane (TMS). The model compounds and base monomers were dissolved in

deuterated-dimethylformamide deuterated at 2.5 weight percent. The solutions were

made in a dry environment (less then 20% relative humidity) to avoid water uptake in the

DMF.

Results and Discussion

A full study was only performed on the model compounds based on 2-phenylethyl

methacrylate/nadic methyl anhydride and 2-phenylethyl methacrylate/nadic methyl

anhydride/maleic anhydride compounds. Solubility issues were encountered with the

other compounds preventing further analysis. The aliphatic norbornene compounds were

soluble in the 2-phenylethyl methacrylate monomer; however, as the polymerization
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Figure 5.4: The structure of 2-phenylethyl methacrylate

Figure 5.5: The structure of 5-norbornene-2,3 dicarboxylic acid anhydride
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Figure 5.6: The structure of 5-norbornene-2-carboxaldehyde

R= (CH2)3CH3 or (CH2)5CH3

Figure 5.7: The structures of 5-norbornene-2-butane and 5-norbornene-2-hexane
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progressed, phase segregation occurred. 5-norbornene-2,3 dicarboxylic acid anhydride

(Figure 5.4) and 5-norbornene-2-carboxaldehyde (Figure 5.5) were not soluble in 2-

phenylethyl methacrylate monomer. It should also be noted that 2-phenoxy ethyl

methacrylate, the original monomer planned for this study, was discarded due to

difficulties obtaining compounds which were soluble.

The FTIR and DSC data collected from 2-phenylethyl methacrylate/nadic methyl

anhydride type polymers indicates a low incorporation efficiency ofNMA with PMA,

i.e., less than 2 weight percent. The amount ofNMA in the 2-phenylethyl methacrylate

polymers is not sensitive to the concentration ofNMA in the monomer feed (Table 5.2).

Examples of FTIR from various systems are shown in Figure 5.8. As might be expected

from the FTIR results, the glass transition temperature of the polymers was also not

affected by the feed concentration of the monomers. The glass transition temperature of

poly (norbornene) is in the range of 350°C [125]. Incorporation ofNMA into the

polymer at an amount greater than 2 percent would increase the glass transition

temperature of the polymers formed. The increase in the feed concentrations ofNMA

resulted in no detectable difference in glass transition temperatures.

The small amount ofNMA incorporated does not change the molar mass of the

PMA polymer, which implies that it does not alter the polymerization kinetics of the

PMA. It should be noted that there is large batch-to-batch variability in bulk

polymerization processes. This variability is illustrated by the differences in molar mass

between the original samples and their replicates. The high amount of scatter may

obscure any trends in molar mass or polydispersity that the presence ofNMA might

induce.
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Table 5.2: FTIR and DSC results from 2-phenylethyl methacrylate/nadic methyl

anhydride based model compounds

Polymer Tg(°Q Anhydride content

(mol.%)

Poly (PMA) 31 ±4
Poly (PMA-co-10%NMA) 32 ±2 Less than 2

Poly (PMA-co-20%NMA) 29 ±1 Less than 2

Poly (PMA-co-30-%NMA) 33 ±6 Less than 2

Poly (PMA-co-40%NMA) 31 ±4 Less than 2

Table 5.3: Molar mass averages from GPC for 2-phenylethyl methacrylate-nadic methyl

anhydride copolymers

Polymer Mn
(kg/mol)

PDI

Poly (PMA) 42.6 3.6

Poly (PMA) repeat 58.9 4.8

Poly (PMA-co-10%NMA) 41.2 4.9

Poly (PMA-co-10%NMA) repeat 29.5 4.4

Poly (PMA-co-20%NMA) 47.8 4.7

Poly (PMA-co-20%NMA) repeat 48.3 4.1

Poly (PMA-co-30-%NMA) 55.1 4.5

Poly (PMA-co-30-%NMA) repeat 64.1 4.1

Poly (PMA-co-40%NMA) 48.0 4.8

Poly (PMA-co-40%NMA) repeat 50.6 4.2

NMA, maleic anhydride (MA), and 2-phenylethyl methacrylate were blended

with the idea that a synergistic effect between the maleic anhydride and the NMA would

increase concentration of both anhydrides in the copolymer. Maleic

anhydride/norbornene polymerizations have been reported that produced alternating

copolymers with yields ranging from 60-76% [126]. In the same studies, it was
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Figure 5.8: FTIR spectra ofPMA-co-40%NMA, PMA, poly (PMA-co-40%NMA), and

poly (PMA-co-7.5%NMA-co-22.5%MA)
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determined that tert-butyl acrylate concentration in the copolymers, i.e., tert-butyl

acrylate/MA/NB, increased linearly with its monomer feed concentration, up to a

maximum mole fraction of 0.2. There was no reduction in either the number average

molar mass or polydispersity.

The concentration of anhydride functionalities increases with an increase in the

feed concentration ofMA in poly (PMA-co-NMA-co-MA), which indicates that MA is

more reactive with PMA than NMA. The incorporation is confirmed by a concurrent

increase in the glass transition temperature of the polymers. Previous studies on 2-

phenylethyl methacrylate-co-maleic anhydride polymers showed that maleic anhydride

incorporated at roughly 45% of its feed in the monomer system [124]. In the poly (PMA-

co-22.5 mol.% NMA-co-7.5 mol.% MA) system there is 4.6 mol.% anhydride. The feed

concentration ofMA was 7.5 mol.%. Based on the results from PMA-co-MA systems,

the amount expected would be approximately 3.4 percent. It is not possible to determine

the ratios at which maleic anhydride or NMA are incorporated by FTIR only that the

presence ofNMA results in increased amounts of anhydride in the polymer compared to

what would be expected due to MA by itself. In the poly (PMA-co-7.5mol.%NMA-co-

22.5mol.%MA) system, the total amount of anhydride incorporation is 7.7 mol.%. The

amount ofMA incorporated estimated by comparison with poly (PMA-co-MA) systems

should be approximately 10.1%. This indicates some inhibition of the incorporation of

MA by the NMA. The exact nature of the incorporation ofNMA and MA cannot be

discerned. These results indicate that MA and NMA do not copolymerize efficiently with

PMA at any concentration.
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As mentioned previously polymers of norbornene, maleic anhydride (MA), t-

butyl acrylate (TBA) reported yields as high as 76%[126]. The difference between the

cited study and the present study could be due to the polymerization methods, solubility

differences, reactivity differences, and ratios of feed monomers. It should also be noted

that PMA is a methacrylate and TBA is an acrylate, which also might result in differences

in reactivity. The norbornene, maleic anhydride, t-butyl acrylate copolymers were

prepared by polymerization in a THF solution at 65°C for 24 hours. Both the

PMA/MA/NMA and the Norbornene/MA/TBA systems used AIBN as an initiator. The

PMA/MA/NMA were polymerized in bulk at 75°C for 4 hours. The long reacting time

may have allowed additional reaction of the MA and norbornene. In the same work

Houlihan et al. [126] explored other cycloelfinic-maleic anhydride copolymers. A

norbornene-based monomer with a bulky side group did not polymerize with maleic

anhydride. In the absence of an explanation for the lack of polymerization, it may be

reasonable to attribute it to steric hindrance. The anhydride ring in NMA might also

cause steric hindrance and reduce the reactivity ofNMA with maleic anhydride (MA)

and PMA.

Table 5.5 contains the GPC data from the PMA/NMA/MA systems. At the low

concentrations of anhydride incorporation seen in this study the average molar mass of

the PMA polymers is not affected by the incorporation of the anhydrides enough to see a

trend within the scatter of the measurement.
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Table 5.4: FTIR data and DSC from 2-phenylethyl methacrylate/nadic methyl

anhydride/maleic anhydride based model compounds

Polymer Tg (°C) Anhydride

Content

(mol.%)

Poly (PMA-co-7.5%NMA-co- 37 ±4 7.7 ±1.1

22.5%MA)
Poly (PMA-co- 1 5%NMA-co- 15%MA) 35 ±7 5.110.9

Poly (PMA-co-22.5%NMA-co- 31+3 4.6 ± 0.6

7.5%MA)

Proton NMR was performed to confirm that the anhydrides are incorporating

through the polymerization of the vinyl functionality. It should be noted that in all

spectra the peaks located at 8.03, 2.92, and 2.75 ppm are due to the DMF solvent.

Mn PDI

(Kg/mol)

38.7 5.0

50.8 4.6

39.2 5.2

48.0 4.8

39.6 5.0

44.0 4.9

Table 5.5: Molar mass averages from GPC for 2-phenylethyl methacrylate-nadic methyl

anhydride-maleic anhydride copolymers

Polymer

Poly(PMA-co-7.5%NMA-co-22.5%MA)
Poly (PMA-co-7.5%NMA-co-22.5%MA) Repeat

Poly (PMA-co- 15%NMA-co- 15%MA)
Poly (PMA-co-15%NMA-co-15%MA) Repeat

Poly (PMA-co-22.5%NMA-co-7.5%MA)
Poly (PMA-co-22.5%NMA-co-7.5%MA) Repeat

The spectrum ofPMA (Figure 5.9) contains six major peaks associated with the

different chemical environments of protons Table 5.6. There is a small peak located at

3.5 ppm. This peak is due to contamination in one of the vials of deuterated DMF

solvent used to make samples. The contaminant does not show up in all the systems

because it was only in one of the vials. Figure 5.14 contains the spectra of the

contaminated solvent.
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Table 5.6: Summary of the 1H NMR Spectra from phenylethyl methacrylate

Chemical Group Shift (ppm)

Aromatic-H 7.2 Singlet

C=CH2 5.1,5.7 Singlet

COO-CH2-C 4.4 Triplet

Aromatic-Ctb 3.0 Triplet

CH2=C-CH3
_

1.9 Singlet

Contaminant in d-DMF 3.5 Singlet

The spectrum of nadic methyl anhydride (Figure 5.10) has three major regions where

peaks occur. The most identifiable are the peaks located at 5.8 ppm that are associated

with protons in vinyl bonds. This peak is split into a doublet by the single proton on the

adjacent carbon. The second group of peaks is located between 3 and 4 ppm. The

doublet peak with the largest integration is located at 3.2 ppm. This peak is due to

protons located on carbon atoms adjacent to carbonyl groups in the anhydride linkages.

The third group of peaks is associated with the carbons in the aliphatic linkages and the

methyl group adjacent to the vinyl bonds. Exact peak assignments are difficult due to the

large amount of spin couplings and complex chemical environments. There are also

some notable peaks in the 3 to 4 ppm range. These peaks along with the low integration

values of the vinyl proton indicate that there is some contamination in the NMA

monomer. The normalized integration values indicate that the vinyl functionality is

present at 38 percent of what would be expected based on the structure ofNMA. The

chemical structure of maleic anhydride indicates that there should only be a single proton

environment (Figure 5.1 1). There are 4 peaks in maleic anhydride spectra. The peak that

occurs at 6.4 is due to the protons in the vinyl group. The other three peaks are due to

DMF.
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Figure 5.9: The proton NMR spectra of 2-phenylethyl methacrylate in deuterated DMF
referenced to TMS
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The peaks in the spectrum of poly (PMA-co-40%NMA) are broader than those of

the corresponding monomers (Figure 5.12). The broadening is due to the reduced

mobility of the chemical groups in the polymer structure. The peaks previously identified

in the PMA spectra at 7.3, 4.2, and 3.0 are present. The peak at 3.5 is due to

contamination in DMF solvent. The peaks at 1.8 and 0.8 ppm are due to the protons

located along the aliphatic backbone and the a-methyl group, respectively. The a-methyl

peak was previously located at 1.9 ppm; however, reaction of the vinyl bond changed the

chemical environment and resulted in an upfield shift. The values of the integration,

which normalize to 2.86, confirm this assignment. There are no peaks present in the 5.8

ppm range confirming that NMA incorporates through a reaction of the vinyl bonds;

however, there are no resolved peaks that allow quantification of concentration ofNMA.

This might be expected based on the lower percentages of incorporation, i.e. 2 wt.%,

which is below the detection level.

The spectrum of the poly (PMA-co-7.5%NMA-co-22.5%MA) (Figure 5.13) is

very similar to the spectrum from poly (PMA-co-40%NMA). The only notable

difference is the magnitude of the peak at 3.5 ppm. There are no vinyl proton peaks (6.4

ppm), which indicates that the anhydrides are incorporating through a reaction of the

vinyl bonds. The peak 3.5 ppm is notably strong and may be due to protons of maleic

anhydride that have been incorporated into the polymer backbone; however, proton NMR

spectrum of poly (norbornene-co-MA) report no peaks at a chemical shift greater than

3.15 [126]. As mentioned earlier, the peak at 3.5 is due to contamination in the DMF

solvent (Figure 5.14). Although there is no single peak that identifies NMA or maleic
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anhydride in these NMR spectra, the possibility of maleic anhydride being incorporated

into the polymer backbone cannot be ruled out based on this data. The peaks

representing NMA and MA that has been incorporated into poly (PMA) are not

resolvable from the peaks due to poly (PMA). The possibility that NMA and MA are

incorporating through some mechanism other than polymerization through the vinyl bond

can be ruled out using this data.

Conclusions

FTIR and DSC data indicate that anhydrides are incorporating into the polymer

backbone. NMR data confirms that incorporation is through a polymerization of the vinyl

group. Nadic methyl anhydride (NMA) does not incorporate at levels higher than 2%

irrespective of its feed composition in the monomer. A higher concentration ofMA in

the feed results in larger amounts of anhydrides in the polymers; however, the exact ratio

ofNMA to MA in the polymer was not determined. There also does not appear to be a

synergistic or copolymerization effect when MA and NMA are present together in the

monomer feed. The incorporation efficiency is less than 30% of the feed concentration

for all systems studied in this work. This indicates that the maleic anhydride and nadic

methyl anhydride may not be good candidates for incorporating anhydride moieties into

methacrylate-based materials.
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CHAPTER 6

CLOSING REMARKS

In Chapter 3, the monofunctional methacrylates cyclohexyl methacrylate

(CHMA), phenyloxyethyl methacrylate (PEMA), and tert-butylcyclohexyl methacrylate

(t-BCHMA) were introduced as alternate diluent systems for Bis-MEPP-type monomers

for dental applications. The monofuctional methacrylates reduced polymerization

shrinkage by 10 to 20 percent when compared to Bis-MEPP/TEGDMA systems. The

reduction in shrinkage is due to the higher specific volume per methacrylate group of

monomethacrylates compared to TEGDMA. CHMA and PEMA reduced the viscosity of

Bis-MEPP more effectively than TEGDMA, while t-BCHMA did not. The Bis-

MEPP/CHMA and Bis-MEPP/PEMA systems had similar moduli, 2.8 ± 0.1 and 2.7 ± 0.1

GPa for the Bis-MEPP/CHMA and Bis-MEPP/PEMA systems in wet state at 37°C,

respectively, to the Bis-MEPP/TEGDMA systems (2.6 ± 0.1 GPa). Quantitative

fractography was applied to measure fracture toughness. To the author's knowledge, this

is the first time this technique has been used to measure fracture toughness in dental

polymers. The fracture toughness of the Bis-MEPP/PEMA and Bis-MEPP/CHMA

systems was an average of 0.2 MPa.m ' 5
greater than the Bis-MEPP/TEGDMA systems.

The modulus and fracture toughness were lower in the Bis-MEPP/t-BCHMA systems

than in the Bis-MEPP/TEDGMA systems. The reduced properties might in part be due

to the high glass transition temperatures and viscosities of the Bis-MEPP/t-BCHMA

monomer systems. A non-reactive contaminant was also present that might result in the

reduction of the mechanical properties of these systems. Multicomponent diluent

181
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systems based on variable molar mass analogs of ethylene glycol dimethacrylate were

also explored as alternate diluent systems. The modulus and strength properties of the

multicomponent systems did not vary greatly from those of the Bis-MEPP/TEGDMA

polymers. The similarity of the properties of all the systems examined in Chapter 3 is

attributed to the heterogeneous network structure that results from the incomplete cure as

well as the mechanisms of network formation. The dimethacrylate polymers are

composed of regions of high and low cross-link density. This structure is indicated by

the DMS data presented later in Chapter 3 as well as the work presented in Chapter 4.

Monomer systems based on Bis-MEPP/CHMA Bis-MEPP/PEMA and Bis-

MEPP/t-BCHMA were formulated to produce polymers with the same glass transition

temperature. Formulating the polymers to the same Tg allows the isolation of the effect

of initial viscosity on vitrification and heterogeneity of these systems. Initial viscosity

was shown to be an indicator of heterogeneity of the polymers formed rather than a

primary factor. The details of network formation, phase segregation, and isomeric forms

of the monomers have strong effects on the heterogeneity of the polymers formed.

The heterogeneity of dimethacrylate polymers was elucidated by xenon NMR,

Tapping Mode™AFM measurements using phase imaging, and dynamic mechanical

spectroscopy. Xenon spectra of a Bis-MEPP(XDT) polymer cured for 5 minutes with

UV light showed a peak indicative of a polymer that is not fully glassy. The width and

intensity of the peak suggest that a portion of the polymer has a pore structure that is not

representative of a fully glassy polymer. Pulsed Field Gradient
129
xenon NMR was used

to measure the change in domain sizes of the sol phase with cure in the Bis-MEPP(XDT)

systems. It is thought that heterogeneity has its roots early in the cure cycle. Measuring
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how the sol phase changes with cure would lead to a better understanding of the

mechanisms that yield a heterogeneous structure. Unfortunately, measurements could

only be made at low conversions. Equipment in which stronger field gradients can be

applied would allow the measurement to be pushed further into the cure cycle.

Variations in the cross-link density of dimethacrylate type polymers on the order of 25-

150 nm was demonstrated using Tapping Mode™AFM measurements using phase

imaging. Samples were etched in acetone and post cured to help make the assignment of

different regions of phase contrast to the low and high cross-link density phases. In these

systems the high cross-link density phases have a greater phase shift than the low cross-

link density phase. The presence of the low temperature shoulder on the main transition

in the tan 5 plots of the polymers tested in Chapter 3 is also indicative of a bimodal

distribution of cross-link density.

Characterization of the size and distribution of the low and high cross-link density

phases is important because the low cross-link density phases of these polymers dictate

their mechanical properties. Further quantification of the size of these structures with

image analysis techniques might allow correlations to be drawn between their distribution

and mechanical properties. These correlations may ultimately allow the tailoring of

monomer selection and cure cycles to improve mechanical properties.

The efficiency of the incorporation of nadic methyl anhydride (NMA) and maleic

(MA) anhydride into 2-phenyl ethyl methacrylate polymers was determined using FTIR,

GPC, DSC, and *H NMR. This study was performed to glean information about how

NMA and MA incorporate into aromatic dimethacrylate polymers such as Bis-GMA and

Bis-MEPP. The results indicate that nadic methyl anhydride does not incorporate at
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amounts greater than 2 mol.% regardless of the feed concentrations. The amount of

anhydride present in the polymers increased as the concentration of maleic anhydride was

increased in the monomer feed. The exact ratios of the MA and NMA were not

determined. The incorporation efficiency of all the anhydrides in this study was less than

30 mol.% of the feed concentration, thus indicating that these anhydrides may not be

good candidates for comonomers in methacrylate based dental polymers. The

incorporation of anhydride groups into methacrylate dental polymers might be better

facilitated by monomers that have a methacrylate functionality or a functionality that is

known to polymerize with methacrylates.
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